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The vertebrate tail is unique for each species and fulls a broad spectrum of functions. In
the axolotl (Ambystoma mexicanum), a tailed amphibian, the tail constitutes one-third
of the full body length and is necessary for swimming. Despite its size, most of the
tail's tissues are derived from the posterior neural plate of the neurula. Although giving
rise to neuronal structures of the central nervous system along most of its length, the
most posterior part of the neural plate develops preponderantly into presomitic mesoderm
(PSM) which forms muscle, bone and cartilage of the tail and posterior trunk. During
development, the posterior neural plate reverses its orientation during an anterior turn
movement (Taniguchi et al., 2017). Cells of the most posterior plate region become now
localised in an anterior position while previously more anterior neural plate cells land
at a more posterior site. Simultaneously, the axial neural tube and notochord extend
themselves posteriorly. The PSM, developing bilaterally to the central axis, is integrated
into posterior tail expansion while forming new somites at its anterior end. It is still
elusive which morphological changes the PSM undergoes to facilitate tail formation and
posterior elongation of the embryo. Furthermore, it remains enigmatic in what way PSM
cells change their shape, orientation, migration behaviour and distribution to meet the
requirements needed for adjusting PSM and somite morphology.
With homotopic tissue transplantations of posterior neural plate cells from a gfp-expressing
donor to a white (d/d) recipient, enabled specic labelling of all mesodermal cells of the
tail. Otherwise, mesodermal cells of the trunk and tail can not be distinguished, nei-
ther genetically nor morphologically. With this cell labelling approach, the entire tail
mesoderm could be imaged in toto. Thus, measurements of the morphological changes of
the PSM and cell tracking in 3D was possible during development. With this technique,
posterior neural plate cells could be shown to form parts of the posterior neural tube, the
entire posterior PSM and the somites of the tail. During this course of development, the
PSM becomes longer but does not increase its volume. Only when forming the somites,
an increase in volume could be measured in the mesoderm.
Single-cell labelling showed an anterior shift of cell movement led by medial PSM cells and
followed by more laterally located cells. The anterior displacement happens simultane-
ously to the posterior elongation of the embryo. A hypothetical push by newly generated
cells at the tail tip could be ruled out. Mitotic cells were evenly distributed in all tissues of
the tail with a low proliferation rate. The morphological changes and anterior relocations
of the tail mesoderm could, therefore, mainly be explained by cell migration.
Therefore, further analyses focussed on cell migration, particularly on cellular charac-
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teristics displayed during migration such as shape, orientation, volume, distribution and
lopodia organisation to obtain more profound information about how PSM cells migrate
and contribute to somite formation.
The net movement of tail elongation is directed posteriorly regardless of anteriorly re-
locating PSM cells. That is only feasible if a lateral expansion of the PSM by laterally
migrating PSM cells is counteracted. There have been no studies on the lateral bound-
ary so far. In the axolotl, the PSM is covered laterally by a two-layered epidermis and
a bronectin-rich extracellular matrix. After removing the tail epidermis, operated em-
bryos showed missing or malformed tails, especially with lateral and dorsal curvatures and
shortenings. Tail mesoderm examined in these cases showed an increased PSM volume
and a lateral expansion of the tissue. A nearly normal tail developed when, after removing
the epidermis, the embryos developed in 1% agarose supplemented with bronectin. In
contrast, a simple covering of the PSM with a nitrocellulose membrane, incubation in the
softer methylcellulose or in agarose without bronectin did not rescue tail formation. The
lateral pressure on the PSM and a bronectin-rich extracellular matrix seem necessary to
preserve the tissue architecture of the PSM during tail formation.
This study unravels the behaviour of individual PSM cells during their morphogenesis
from single cells in the posterior plate of the neurula until somite formation in the tail
bud. Overall, with specic labelling of tail mesodermal cells, their contribution to PSM
morphology could be elucidated, and a more detailed model of tail elongation could be
proposed: The posterior expansion of the neural tube and notochord pushes the posterior
neural plate tissue posteriorly and squeezes the cells into an elongated mediolaterally ori-
ented form. Labelling experiments of small individual cell groups showed that the ventral
posteriormost cells are the rst to escape this pressure by relocating anteriorly. Then,
more anteriorly located cells follow, as well as dorsally located cells. These movements
explain the anterior turn. Thereby, mesodermal cells start to migrate randomly, become
elongated and change their orientation from mediolateral to anterior-posterior. Random
cell migration leads to homogeneous cell mixing, which results in an aligned uniform tissue
of trunk and tail PSM. The lateral constriction by the epidermis channels the undirected
migration movements in an anterior direction. In this way, cells are directed towards the
site of somite formation, the PSM narrows, and the embryo elongates posteriorly. This
extension model includes the individual cell behaviour, which on the whole shapes PSM
morphology. The analysed dynamic morphological changes of the PSM can be linked to
the developmental processes of the tail and the posterior elongation of the axis.
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Zusammenfassung
Der Schwanz der Wirbeltiere ist bei jeder Art einzigartig und erfüllt ein breites Spektrum
an Funktionen. Beim Salamander Axolotl (Ambystoma mexicanum), macht der Schwanz
ein Drittel der gesamten Körperlänge aus und ist zum Schwimmen notwendig. Trotz seiner
Gröÿe stammen die meisten Gewebe des Schwanzes von der posterioren Neuralplatte der
Neurula ab. Obwohl der gröÿte Teil der Neuralplatte neuronale Strukturen des Zentralner-
vensystems hervorbringt, entwickelt sich der posteriore Teil der Neuralplatte überwiegend
zu präsomitischem Mesoderm (PSM), das Muskeln, Knochen und Knorpel des Schwanzes
und des hinteren Rumpfes bildet. Während der Entwicklung kehrt die posteriore Neu-
ralplatte ihre Orientierung in einer anterioren Drehbewegung um (Taniguchi et al., 2017).
Zellen der hintersten Plattenregion werden in eine anteriore Position verschoben, während
zuvor anteriorere Neuralplattenzellen an einer posterioren Stelle landen. Gleichzeitig ver-
längert sich das axiale Neuralrohr und das Notochord nach posterior. Das PSM, das sich
bilateral zur Zentralachse entwickelt, ist im Prozess der Schwanzverlängerung involviert,
während es gleichzeitig an seinem vorderen Ende neue Somiten bildet. Es ist immer noch
unklar, welche morphologischen Veränderungen das PSM durchläuft, um die Schwanzbil-
dung und die posteriore Ausdehnung des Embryos zu ermöglichen. Darüber hinaus ist
unbekannt, auf welche Weise PSM-Zellen ihre Form, Orientierung, ihr Migrationsverhalten
und ihre Verteilung ändern, die für eine Veränderung der PSM- und Somitenmorphologie
erforderlich sind.
Mit homotopen Gewebetransplantationen von posterioren Neuralplattenzellen von einem
gfp-exprimierenden Spender auf einen weiÿen (d/d) Empfänger, konnte eine spezische
Markierung aller mesodermalen Zellen des Schwanzes erreicht werden. Andernfalls kön-
nen mesodermale Zellen des Rumpfes und des Schwanzes weder genetisch noch mor-
phologisch unterschieden werden. Mit diesem Zellmarkierungsansatz konnte das gesamte
Schwanzmesoderm in toto abgebildet werden. So waren Messungen der morphologischen
Veränderungen des PSM und Zellverfolgung in 3D während der Entwicklung möglich. Mit
dieser Technik konnte gezeigt werden, dass die Zellen der posterioren Neuralplatte Teile
des posterioren Neuralrohrs, das gesamte posteriore PSM und die Somiten des Schwanzes
bilden. Dabei wird das PSM länger, ohne sein Volumen zu vergröÿern. Erst während der
Bildung von Somiten wurde eine Volumenzunahme gemessen
Einzelzellmarkierungen zeigten eine anteriore Verschiebung der Zellen, angeführt von me-
dialen PSM-Zellen und gefolgt von lateral gelegenen Zellen. Diese anteriore Verschiebung
geschieht gleichzeitig mit der posterioren Streckung des Embryos. Ein hypothetischer
Schub durch neugebildete Zellen an der Schwanzspitze konnte ausgeschlossen werden. Mi-
iv
totischen Zellen waren gleichmäÿig in allen Geweben des Schwanzes verteilt und wiesen
eine geringe Proliferationsrate auf. Die morphologischen Veränderungen und anterioren
Verlagerungen des Schwanzmesoderms können daher hauptsächlich durch Zellmigration
erklärt werden.
Die Analysen konzentrierten sich daher auf die Zellmigration, insbesondere auf die zel-
lulären Charakteristika, die sich während der Migration zeigen, wie z.B. Form, Orien-
tierung, Volumen, Verteilung und Filopodienorganisation. So konnten neue Informationen
darüber gewonnen werden, wie PSM-Zellen wandern und zur Somitenbildung beitragen.
Die Nettobewegung der Schwanzverlängerung ist, unabhängig von nach anterior wan-
dernden PSM-Zellen, nach posterior gerichtet. Das ist nur möglich, wenn einer lateralen
Ausdehnung des PSM durch ungerichtet migrierenden Zellen entgegengewirkt wird. Über
die Rolle einer laterale Begrenzung bei diesem Prozess gibt es bisher keine Untersuchun-
gen. Beim Axolotl ist das PSM seitlich von einer zweischichtigen Epidermis und einer
Fibronektin-reichen extrazellulären Matrix bedeckt. Nach Entfernung der Schwanzepi-
dermis zeigten operierte Embryonen fehlende oder missgebildete Schwänze, insbesondere
mit einer lateralen und dorsalen Krümmung und einer Verkürzung. Untersuchungen des
Schwanzmesoderms zeigten ein erhöhtes PSM-Volumen und eine laterale Ausdehnung des
Gewebes. Ein nahezu normaler Schwanz entwickelte sich, wenn die Embryonen nach
Entfernung der Epidermis mit 1% Agarose, ergänzt mit Fibronektin, bedeckt wurden.
Im Gegensatz dazu konnte eine einfache Abdeckung des PSM mit einer Nitrozellulose-
membran, die Inkubation in der weicheren Methylzellulose oder in Agarose ohne Fi-
bronektin die Schwanzbildung nicht normalisieren. Der seitliche Druck auf das PSM
und eine Fibronektin-reiche extrazelluläre Matrix scheinen notwendig zu sein, um die
Gewebearchitektur des PSM während der Schwanzbildung zu erhalten.
Diese Studie zeigt das Verhalten einzelner PSM-Zellen während der Morphogenese der
hinteren Neuralplatte bis zur Somitenbildung. Insgesamt konnte durch die spezische
Markierung von mesodermalen Zellen des Schwanzes deren Beitrag zur PSM-Morphologie
aufgeklärt und ein detaillierteres Modell der Schwanzverlängerung vorgeschlagen werden:
Die posteriore Ausdehnung des Neuralrohrs und des Notochords schiebt das posteriore
Neuralplattengewebe nach hinten und quetscht die Zellen in eine verlängerte, mediolat-
eral orientierte Form. Markierungsexperimente einzelner Zellgruppen zeigten, dass die
ventralen, posterior gelegenen Zellen diesem Druck als erste entkommen, indem sie sich
nach anterior verschieben. Ihnen folgen weiter anterior gelegene Zellen sowie dorsal gele-
gene Zellen. Diese Bewegungen erklären die anteriore Drehung. Dabei beginnen meso-
dermale Zellen ungerichtet zu wandern, verlängern sich und ändern ihre Orientierung von
mediolateral nach anterior-posterior. Die ungerichtete Zellwanderung führt zu einer homo-
v
genen Zelldurchmischung, so dass zusammen mit dem PSM des Rumpfes ein einheitliches
Gewebe gebildet wird. Die laterale Begrenzung durch die Epidermis kanalisiert die un-
gerichteten Migrationsbewegungen in anteriore Richtung. Auf diese Weise werden die
Zellen in Richtung der Somitenbildungsstelle gelenkt, das PSM verengt sich, und der Em-
bryo streckt sich nach hinten. Dieses Ausdehnungsmodell beinhaltet das individuelle Zel-
lverhalten, das insgesamt die Morphologie des PSM prägt. Die analysierten dynamischen
morphologischen Veränderungen des PSM können mit Schwanzentwicklungsprozessen und
der posterioren Elongation der Achse in Verbindung gebracht werden.
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All vertebrates exhibit a tail, characteristic for their species. The tail is the only part of
the body which has no uniform function but is destined for a wide usage: Aquatic species
use their tail for swimming whereas arboreal animals need it for balance and stability.
Nonetheless, the tail can also be necessary for predatory behaviours, thermoregulation,
defence, fat storage, intraspecies communication, and prehensile tails can hold objects
(reviewed by Mallo, 2020; Mincer and Russo, 2020), Related to the variety of functions,
tails vary enormously in length, ranging from missing tails to tails that are more elongate
than the rest of the body. However, even species, like humans, which are considered
tailless, develop a residual tail: the coccyx. Therefore, common for all tails are vertebrae
in continuation of the axial spine surrounded by muscles. Both tissues are mesodermal
derivatives. Non-mammalian vertebrates like salamanders (including the axolotl, Am-
bystoma mexicanum) maintain a fully developed spinal cord with dorsal root ganglia in
the entire tail, in contrast to mammals which have tails innervated by neurons from the
sacral and anterior caudal regions (Mallo, 2020). That is in accord with the spinal cord
being associated with the remarkable ability of the axolotl to regenerate the tail (Tazaki
et al., 2017; Joven et al., 2019).
1.1 Embryonic tail formation
1.1.1 Mechanism of tail formation
Since the beginning of the 20th-century scientists debated how the tail forms. At rst
glance, the tail appears as a mere extension of the trunk. Nevertheless, the exploration of
embryonic tail formation took over a hundred years. It involved generating major concepts
of developmental biology like lineage segregation of germ layers, stem cell commitment,
cell movements, cell dierentiation and the elongation of the body axis, pursued by tissue
mechanics.
In vertebrates, prospective head and trunk structures become organised during gastrula-
tion and neurulation. Classically, the germ layers are dened and obtain their position
within the embryo during gastrulation. The presumptive mesoderm involutes through
a blastopore in anamniotes (sh and amphibia) or a primitive streak (PS) in amniotes
(reptiles, birds and mammals) and becomes located between the ectoderm and the endo-
derm. The endoderm is positioned in the inner cavity of the embryo and lines the future
respiratory and gastrointestinal tract. The ectoderm covers the embryo on the outside
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and generates the epidermis of the skin and the nervous system and the mesoderm forms
muscles, cartilage, bone, blood cells, heart, kidney and connective tissue. During neuru-
lation, cells of the neural plate become induced to form the central nervous system. The
trunk contains all internal organs that develop via interactions between all three germ
layers. The neural tube and the notochord as axial organs and the somites occurring bi-
laterally to them are the main structures in both the embryonic trunk and tail. However,
intermediate mesoderm, lateral plate mesoderm (LPM) and the majority of the endoderm
are only present in the trunk. That indicates already that trunk and tail dier concerning
their mechanisms of formation despite a continuity of the axial organisation (Wolpert,
1998; Gilbert, 2010).
The rst sign of a tail is a small bud - a prominence at the posterior end of a slowly elon-
gating embryo when gastrulation and neurulation processes are nished (zebrash (Danio
rerio): 13-somite stage, axolotl (Ambystoma mexicanum): stage 22, African clawed toad
(Xenopus laevis): stage 17 (Nieuwkoop and Faber, 1956; Bordzilovkaya and Dettla, 1975;
Kimmel et al., 1995). In chicken (Gallus gallus) the tail bud arises at the 22-somite stage
(Hamburger and Hamilton stage 14) and in mouse (Mus musculus) at the 30-somite stage
(embryonic day 9.5-10) as a thickened bulb posterior to the primitive node and the area
of the regressing PS (Hamburger and Hamilton, 1951; Kaufman, 1992).
Classical studies in the axolotl with vital dyes and tissue grafting revealed that the pos-
terior fth of the neural plate of the neurula generates the entire mesoderm of the tail
(Fig. 1, Bijtel, 1931; Taniguchi et al., 2015, 2017). However, the unambiguous discrimi-
nation between the anterior neuroectodermal part of the neural plate, forming the neural
tube, and the posterior mesodermal part became elusive. The posterior end of the later
neural tube does not end at the blastopore, which is the posterior end of the gastrulating
embryo, but anteriorly from it (Bytinski-Salz, 1930; Bijtel, 1931). Therefore, the term
neural plate can only be used in the context of a morphological landmark and not only
concerning neural tissue. A complete tail can form from the posterior neural plate un-
der an ex vivo cultivation condition, and removal of the posterior neural plate from the
embryo can neither be compensated nor regenerated, and no tail is formed (Bijtel, 1936,
1956; Taniguchi et al., 2015, own observations). Participation of neural crest cells in the
formation of tail mesoderm could be ruled out by cell labelling experiments, as no descen-
dants of neural crest cells of any axial level were found in the fully formed tail (Taniguchi
et al., 2015). Fate maps of embryonic chicken cells recapitulated that the posterior end of
the embryo contains mesodermal cells and the posterior end of the neural tube is there-
fore not conuent with the end of the embryo in higher vertebrates as well (Selleck and
Stern, 1991; Guillon et al., 2020). Consistently, the posterior end of the neural plate ex-
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presses the mesodermal marker Brachyury (Bra or T ) in contrast to the neural parts of
the neural plate, which express the neural marker Sox2 (Fig. 1A and B, Taniguchi et al.,
2015; Wymeersch et al., 2016). Bra is expressed in the dorsal blastopore lip, the tip of
the tail and the neural hinge of the notochord in Xenopus, axolotl, chicken and mouse
(Gont et al., 1993; Cambray and Wilson, 2007; Sweetman et al., 2008; Taniguchi et al.,
2017). During tail formation, its expression persists in the notochord but decreases in
the presomitic mesoderm (PSM) and LPM. Bra induces the formation of the notochord
and the posterior mesoderm (Cunlie and Smith, 1994). Gene mutations of Bra in mice
result in the complete loss of the notochord and all mesodermal structures posterior to
the hind limbs, similar to the truncated phenotype in amphibians after removing the bra
expressing posterior neural plate Bijtel, 1936; Schulte-Merker and Smith, 1995; Tucker
and Slack, 1995b).
Figure 1: The posterior neural plate forms the mesoderm of the tail
A, B) In situ hybridisation against sox2 or bra mRNA in a stage 15 axolotl embryo; scale bar:
0.5 mm. C) SEM image of the posterior neural plate-derived tail PSM and somitic mesoderm (green)
at stage 33/34; the arrow indicates tissue relocation during the anterior turn. D) Schematic showing the
fate of a graft of posterior neural plate excised from a gfp expressing donor (stage 15) and inserted in
an unlabeled host. The GFP labelled mesodermal tissue relocates into the tail bud (stage 20), performs
an anterior turn (stage 25) to form the posterior spinal cord, PSM and somites (stage 29) and nally
myotomes (stage 35). nt: neural tube, pw: posterior wall, psm: presomitic mesoderm, som: somites, spc:
spinal cord, my: myotomes; images taken from Taniguchi et al., 2017
In the axolotl, the posterior neural plate tissue reverses its anterior-posterior orientation.
The most posterior part adjacent to the blastopore relocates anteriorly rst and forms
more anterior somites than the more anteriorly located cells of the neural plate (Fig. 1C
and D, Bijtel, 1931; Taniguchi et al., 2017). Therefore, this movement of the posterior
neural plate was termed anterior turn (Taniguchi et al., 2017). During this turn, cells
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of the posterior neural plate successively form the bilateral unsegmented PSM of the
tail and posterior trunk. The posterior neural plate mesoderm does not participate in
gastrulation as do the notochord, LPM, intermediate mesoderm and PSM of the trunk.
Thus, the gastrulated mesoderm participates in trunk formation, and the ungastrulated
mesoderm of the posterior neural plate forms posterior trunk and tail mesoderm. However,
the anterior turn can also be referred to as a gastrulation-like movement as it converts its
tissue orientations and brings the tail mesoderm inside the tail bud.
Unlike the PSM, the axial mesoderm which forms the notochord retains its anterior di-
rection of movement after gastrulation and does not change its shape any more. The
notochord, a rod-like structure, merely elongates in an anterior-posterior direction, but
otherwise remains constant in shape. An elongation of the notochord occurs via cell di-
vision and cell intercalation (reviewed by Walck-Shannon and Hardin, 2014). Then, cells
increase their size by vacuolisation (Adams et al., 1990) and a bronectin (FN) rich coat
is generated around the notochord rod. The sti coat withstands the increasing internal
pressure and channels the force into a posterior direction, which leads to the distal ex-
tension of the notochord. The notochord can stretch autonomously, even when excised
and cultivated (Holtfreter, 1939). After excision of the notochord, the neural tube fails
to elongate on its own (Balinsky, 1981). Thus, the notochord presumably protracts the
neural tube distally. The neural tube is formed by the fusion of the neural folds over
the neural plate. While its anterior part starts to become formed during late neurulation
(primary neurulation, stage 18/19 in axolotl), its posterior part seems to develop via sec-
ondary neurulation (at stages later than 19), a process during which mesenchymal cells
coalesce into a rod that develops a lumen later (Lowery and Sive, 2004). All parts of the
neural tube posterior to the hind limbs are referred to as formed by secondary neurulation
(Shimokita and Takahashi, 2011). In the axolotl, the neural tube extends considerably
along its posterior dimensions, mainly at the expense of its thickness (Balinsky, 1981).
Common for all vertebrates is a periodical somite formation by the PSM in an anterior to
posterior manner (reviewed by Hubaud and Pourquié, 2014). The period in which a new
segment forms is characteristic for each species and ranges from 30 minutes in zebrash
embryos, 90 minutes in chicken, 120 minutes in mouse (Dequéant and Pourquié, 2008;
Gilbert, 2010), about 2.5 h in the axolotl (Bordzilovkaya and Dettla, 1975) to 4-5 h in
humans (Dequéant and Pourquié, 2008). An fgf8 mRNA/FGF protein gradient from the
posterior tail tip to the anterior PSM makes cells competent to respond to oscillating
gene signalling (Dubrulle and Pourquié, 2004). The occurrence of oscillating genes varies
in dierent animals, but the signalling pathways are conserved and include the Notch,
Wnt and FGF pathway (Krol et al., 2011). FGF8 generates a moving wavefront from
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the posterior end into the anterior direction, which couples the future segment boundary
to an axial identity via spatiotemporal Hox gene activation (Dubrulle et al., 2001). The
continuous generation of somites in an anterior to posterior direction and the hold in
the generation of new cells by progenitors depletes the PSM nally (around stage 40
in the axolotl). The posterior Hox genes 9-13 repress Wnt signalling which controls
PSM production. Consequently, the elongation of the posterior axis becomes terminated
(Denans et al., 2015). In the axolotl, somitogenesis starts in the neurula (stage 15) and
continues progressively while the embryo elongates. Trunk somites are generated from
the gastrulated PSM and tail somites from the tail PSM. Cells from the posterior end of
the neurula become rearranged into the PSM and expand anteriorly to form the somites
of the tail. So far, it is unclear whether this dual process of somite formation and somite
extension is based on anterior cell migration or local cell proliferation in amphibia.
1.1.2 Molecular determination of cell populations in the tail bud
Multipotent progenitor cells of the tail tissue were identied by cell labelling experiments
in Xenopus, chicken and mouse embryos (Selleck and Stern, 1991; Gont et al., 1993;
Tucker and Slack, 1995a; Davis and Kirschner, 2000; Cambray and Wilson, 2007). These
multipotent progenitor cells are localised in the dorsal blastopore lip (amphibia) or the
posterior primitive node-streak border (NSB, birds and mammals), the epiblast lateral to
the posterior PS (caudal lateral epiblast, CLE) and later in the chordaneural hinge. Cells
from the NSB and cranial CLE may form somites or the neural tube, whereas the caudal
parts of the CLE form mesoderm exclusively (Fig. 2A and B, Cambray and Wilson,
2007; Wymeersch et al., 2016). The potency of neuro-mesodermal progenitors (NMP)
was proven with a retro-respected single-cell clonal analysis Tzouanacou et al., 2009).
Clonal groups of spontaneously lacZ expressing cells were traced back to their respective
progenitor by comparing their tissue distribution in dierent embryonic stages. Thereby,
common progenitors of neural and somitic cells were identied. Thus, mesodermal and
ectodermal germ layer segregation occurs in the developing tail, which challenged the
opinion that all germ layers are established and formed during gastrulation (Davis and
Kirschner, 2000; Tzouanacou et al., 2009). The fate of NMPs is dependent on their
position within the progenitor region (Fig. 2B, Wymeersch et al., 2016). Only cells of the
cranial CLE show a potential to form neural and mesodermal tissue when grafted into
the NSB. The caudal extreme of the CLE has limited plasticity and forms exclusively
cell types of the mesodermal lineage. These cells are not able to form neural tissue,
even by overexpression of the neural marker Sox2 (Wymeersch et al., 2016). So far,
NMPs are molecularly characterised by the simultaneous low expression of the Sox2 and
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Bra in zebrash, chicken and humans (Martin and Kimelman, 2012; Olivera-martinez
et al., 2012; Wymeersch et al., 2016). The highest level of Bra expression is present
in the notochord. The caudal CLE has an intermediate expression level, and NMPs
and the paraxial mesoderm show a low expression of Bra (Wymeersch et al., 2016). In
mice, cell fate analysis of Bra expressing cells in the late gastrula showed that these cells
might develop into neural or mesodermal cells. Meanwhile, Sox2 expressing cells were
later found exclusively in the neural tube. A Sox2 gene knock-out, specically in Bra
expressing cells, did not impair neural tube formation. That may indicate that BRA but
not SOX2 is necessary for NMP identity and SOX2 may be essential for neural identity
only (preprint Mugele et al., 2018).
Figure 2: Localisation of stem cells in the tailbud of mouse and zebrash
A) The organisation of the posterior end (caudal progenitor zone) of an E8.5 and E10.5 mouse embryo
with the primitive streak (PS), localised posterior to the node-streak border (NSB) and medial to the
caudal lateral epiblast (CLE). top: cranial, down: caudal, nt: neural tube, not: notochord. B) Car-
toon of the mouse caudal progenitor zone with an indication of regional cellular potencies. The NSB
and cranial CLE region have a neuro-mesodermal (NM) fate (pink). More posterior CLE cells have a
neuro-mesodermal potency (blue) when transplanted into the rostral node (RN). Paraxial mesodermal
progenitors are located in the posterior tail bud region and form the posterior mesoderm (yellow). C) In
the zebrash tail bud, bipotent neuro-mesodermal progenitors (NMP, yellow) are located in the posterior
zone. By the induction of Wnt signalling, they become mesodermal (red) and further develop into parax-
ial mesodermal cells (blue) and endothelial-specic mesoderm (grey). Abolished Wnt signalling leads to
cell fate decision to the neural path (green). left: cranial, right: caudal; Images adapted from Wymeersch
et al. (2016); Rocha et al. (2020) and Martin and Kimelman, 2012.
Moreover, NMP populations dier between amniotes and anamniotes (reviewed by Steven-
ton and Martinez Arias, 2017). In amniotes, NMPs exist laterally to the posterior PS, in
addition to their presence in the caudal NSB and rostral CLE (Wymeersch et al., 2016;
Guillon et al., 2020). In anamniotes, NMPs are present in the dorsal marginal zone of the
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tail (Fig. 2C, Lawton et al., 2013; Taniguchi et al., 2017). For elongation of the trunk,
amniotes use a pool of expanding NMPs and for tail elongation a population of deplet-
ing NMPs, which are consumed at the end of tail development. Anamniotes lack the
expanding NMPs. They transiently use continually depleting NMPs for trunk and tail
elongation. In zebrash, these cells have probably little self-renewing capacities and are
early neurally or mesodermally fated (Attardi et al., 2018). Overall, despite these dier-
ences, a general principle seems to be conserved across chordates (Martin and Kimelman,
2009).
WNT3a is an upstream regulator of tail formation and is necessary for NMP maintenance
and expansion in zebrash and mouse (Takada et al., 1994; Martin and Kimelman, 2012;
Garriock et al., 2015; Wymeersch et al., 2016). Wnt signalling is vigorously active in the
caudal neurula and in dierentiating mesodermal cells of the tail but low in NMPs (Takada
et al., 1994; Cambray and Wilson, 2007; Bouldin et al., 2015). Global gene regulatory
analysis revealed that BRA interacts with WNT to control and maintain the NMP state
and to induce mesodermal dierentiation, whereas SOX2 acts antagonistically to promote
neural dierentiation (Koch et al., 2017). In a Wnt3a null mutant, NMP numbers are sig-
nicantly reduced but not eliminated (Yoshikawa et al., 1997; Wymeersch et al., 2016). In
zebrash, high levels of WNT induce the expression of the t-box transcription factor tbx16
(zebrash homolog of tbx6 ), which autonomously converts the progenitors permanently to
a mesodermal fate by upregulating the mesodermal gene pcdh8 and downregulating sox2
(Bouldin et al., 2015). Conversely, in mouse, the elevated expression of β-catenin locks
mesodermally fated cells in the progenitor stage, indicating that Wnt signalling needs
to be downregulated for mesodermal dierentiation (Garriock et al., 2015; Wymeersch
et al., 2016). Tbx6, a downstream target of WNT3a, together with MSGN1 (Mesogenin)
plays a role in PSM fate specication and possibly mesodermal cell migration from the
tail tip to the place of somite formation (Chapman and Papaioannou, 1998; Yoon et al.,
2000; Jeong Kyo Yoon and Wold, 2000; Chapman et al., 2003; Kondoh and Takemoto,
2012; Nowotschin et al., 2012). Tbx6−/− mouse mutants develop ectopic neural tubes and
show an enlarged mass of mesodermal cells in the tailbud. TBX6 negatively regulates
the neural marker Sox2 by binding to the unique Sox2 enhancer element N1 specically
in tail bud cells (Takemoto et al., 2006, 2011; Nowotschin et al., 2012). FGF signalling
positively regulates tbx16/Tbx6 andMsgn1 by repressing Bra and thereby promotes PSM
formation Boulet and Capecchi, 2012; Goto et al., 2017). In summary, Wnt signalling is
necessary for the survival of NMPs and mesodermal fate induction by inducing the ex-
pression of Bra, the key transcription factor for NMP identity and mesodermal cell fate
decision. Further, it activates the expression of Tbx6 and Msgn1, which specify mesoder-
mal cells to the PSM lineage. WNT, FGF and TBX6 inhibit Sox2 expression and limit
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neural fate induction in bipotent NMPs, favouring mesodermal fate decisions (Chapman
and Papaioannou, 1998; Yoon et al., 2000; Chapman et al., 2003; Kondoh and Takemoto,
2012; Nowotschin et al., 2012; Wymeersch et al., 2016).
1.2 Axial elongation of the vertebrate body plan
Embryonic axial elongation is a morphogenetic process necessary to generate a deni-
tive body structure in an anterior to posterior organisation (reviewed by Bénazéraf and
Pourquié, 2013). The coordination of growth between the dierent tissues such as the
neural tube, notochord, paraxial mesoderm, LPM, endoderm and ectoderm is still under-
stood only rudimentarily. The principal mechanism causing axial elongation is a mixture
of oriented cell division and active cell migration like intercalation movements (Gong
et al., 2004, reviewed by Lecuit and Le Go, 2007; Shindo, 2018). After some studies on
growth and axial elongation, it became clear that although similar factors are involved,
the exact mechanism of elongation diers between the anterior trunk and posterior tail.
These dierences became apparent by observing mutants for Wnt or FGF signalling com-
ponents and their downstream targets Bra and Tbx6, Cdx or Hox genes. Null mutants
show a truncated phenotype or abnormal tail development but with relatively normal
head structures (Herrmann et al., 1990; Takada et al., 1994; Chapman and Papaioannou,
1998; Gibson-Brown et al., 1998; Yamaguchi et al., 1999; Young et al., 2009). Therefore,
in terms of axial elongation, it needs to be distinguished between anterior body/trunk
elongation and posterior body/tail elongation.
1.2.1 Anterior body elongation (elongation of the trunk)
Studies in Xenopus and zebrash showed that in the early embryo convergent extension
movements are the central mechanism for axial trunk elongation in the gastrula and neu-
rula (Keller and Danilchik, 1988; Pster et al., 2016, reviewed by Keller et al., 2008;
Walck-Shannon and Hardin, 2014; Huang and Winklbauer, 2018; Shindo, 2018). Con-
vergence (narrowing) and extension (lengthening) of tissue by active cell movements in
a mediolateral direction or from a two-layered tissue into a monolayer (radial intercala-
tion) start in early-mid gastrulation stages. Intercalating cells show a denite elongation
of their cell body axis, and they form large and stable protrusions in the direction of
intercalation. The protrusions act on adjacent cell surfaces and generate a force which
pulls the cells into a thin elongated cord. Radial intercalation occurs during epiboly in
sh and amphibian embryos and in the gastrula during the early phase of convergent and
8
1 INTRODUCTION 1.2 Axial elongation of the vertebrate body plan
extension movements. Mediolateral cell intercalation results in an elongation of the body
axis and a thinning of the tissue.
Mediolateral intercalation movements dominate axial elongation of the trunk paraxial
mesoderm after involution, as well as elongation of the notochord and neural tube (Keller
et al., 1992; Lawson and Schoenwolf, 2001; Ybot-Gonzalez et al., 2007; Keller et al., 2008).
In amphibians, the blastopore becomes progressively closed by involuting mesodermal cells
(Keller and Danilchik, 1988). In the gastrulating chicken embryo, convergence and exten-
sion movements of epiblast cells drive the PS's progression (Lawson and Schoenwolf, 2001;
Voiculescu et al., 2007). Measurements in the Xenopus gastrula showed that during the
closure of the blastopore 1.5 µN forces are generated by convergent thickening and up to
4 µN forces by convergent extension movements afterwards in the neurula (Shook et al.,
2018, preview Shook et al., 2018). Coordinated cell movements can generate a substan-
tial mechanical force which shapes the overall embryonic morphology. During Xenopus
gastrulation, the presumptive notochord, neural tube and PSM narrow in mediolateral
dimensions and extend in the anterior-posterior direction (Shih and Keller, 1992). The
convergence and extension movements of the neural plate, notochord and trunk PSM
elongate the embryo after gastrulation and before the tail and posterior structures are
formed.
Oriented cell division, besides cell intercalation, is the main force that drives elongation
during gastrulation (Gong et al., 2004). The presumptive notochord initially elongates
by anterior-posterior oriented cell division. Therefore, for notochordal elongation, the
cells depend on the information about body orientation (Adams et al., 1990; Harrington
et al., 2007). Anterior-posterior identity is mediated by Bra expression in the posterior
chordamesoderm and Chordin expression in the anterior part of the gastrula (Ninomiya
et al., 2004). Later the notochord extends its length by increasing cell size. Its stiness,
in contrast, is generated by progressive vacuolisation, which is structurally supported by
the brous notochord sheath (Adams et al., 1990).
1.2.2 Posterior body elongation (tail elongation)
The vertebrate tail is formed and elongated by cells from the posterior end of the post-
gastrulation embryo exclusively (Bénazéraf and Pourquié, 2013). The proliferation and
intercalation movements expanding the neural tube and notochord are not limited to
the trunk region and participate in posterior body elongation as well. Additionally, the
posterior PSM is crucial for posterior body elongation and the accompanied formation of
the tail (Bénazéraf et al., 2010, 2017). Laser ablations in the posterior PSM of cultured
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chicken embryos lead to a reduced elongation rate, compared to ablations in the anterior
PSM, LPM, NMP region or controls (Bénazéraf et al., 2010). The PSM is also the tissue
with the highest increase in volume. Its growth rate is on average three-fold higher than
the growth rate of the neural tube. The notochord and the NMP region do not increase
their volume substantially at the same time (Bénazéraf et al., 2017). That correlates with
cell cycle times, which vary from 8 to 28 h in chicken. The neural tube and PSM have
thereby the shortest cycles, whereas cell of the notochord and NMPs cycle more slowly.
Cell cycle lengths of the dierent tissues do not vary much between anterior and posterior
regions, and the apoptosis rate does not exceed a rate of more than 5% of cells within
each tissue (Bénazéraf et al., 2017). The dierent tissues of the tail exhibit unique growth
dynamics with the PSM as the most dynamic one. The PSM elongates faster than the
notochord and the endoderm. Thus the dierent elongation speed generates a sliding of
the PSM along the notochord (Bénazéraf et al., 2017). The tail PSM is the main driver
of posterior axial elongation, but the exact mechanism of how the PSM expands remains
unclear. It might extend by coordinated or oriented cell division of mesodermal cells and
cell migration.
Tissue dimensional changes are aected by cell behaviour. In chicken embryos, posterior
PSM cells are motile in a highly randomly fashion, whereas more anteriorly located PSM
cell show less movement (Bénazéraf et al., 2010). This motility gradient leads to net
migration from posterior to anterior, resulting in a high cell density in the anterior PSM
before somite formation compared to the posterior PSM (Bénazéraf et al., 2010, 2017).
A similar cell migration behaviour was observed in zebrash, in which NMPs from the
dorsal marginal zone move into the posterior zone (PZ) in a highly directed fashion.
From there they move ventrally and anteriorly into the posterior PSM. These cells move
with a rapid speed and variation in migratory directions, especially in the posterior PSM
region. Anteriorly, the variations of the directions are even higher, but the speed of
migration becomes gradually slower (Lawton et al., 2013). That might be comparable to
mesodermal relocations during the anterior turn movement in the axolotl (Taniguchi et al.,
2017). Correspondently, computer simulation predicts that posterior-anterior directed cell
motility leads to a compaction of the anterior PSM and a posterior expansion of the PSM
(preprint Regev et al., 2017). Although cells show varying migration paths, the net
movement is in an anterior direction. It is still not entirely understood, how the anterior
cell movement leads to a posterior elongation of the PSM and how this inuences PSM
morphology and tail formation.
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1.3 Studying tissue morphology during development
An organised tissue architecture is fundamental for organ function. It arises from coor-
dinated changes in cell behaviour. Therefore, an understanding of tissue morphological
changes is indispensable to unravel posterior growth and tail formation. Tissue shape
changes are determined by analysing cellular behaviour in response to intrinsic and exter-
nal forces (Heisenberg and Bellaïche, 2013; Pster et al., 2016; Eder et al., 2017; Shook
et al., 2018). Thus, embryonic cells can be studied as tissue sheets in vitro and in explants
(Vaughan and Trinkaus, 1966; Abercrombie et al., 1970; Durston, 1978). One prominent
example is the Keller explant (Keller and Danilchik, 1988). In the isolated animal cap
from an early gastrula of Xenopus cellular migration behaviour, leading to convergence
and extension of the tissue were unravelled. The elongating mesodermal tissue extends
the initially spherical embryo in an anterior-posterior dimension. A change in tissue di-
mension changes the whole embryo's morphology (reviewed by Keller, 2005).
Since then, analyses of tissue morphology were promoted by the development of life-
imaging and in vivo cell-labelling techniques. These led to comprehensive studies on
cell migration and associated force generation in tissue morphology of the Drosophila
wing imaginal disc and Xenopus gastrulation (reviewed by Keller, 2002; Keller et al.,
2008; Skoglund and Keller, 2010; Shook et al., 2018). Lacking the technical possibilities
of analysing tissue morphology and forces in 3D, tissues were initially treated as two-
dimensional sheets. Advances in analysing three-dimensional tissues were achieved with
the help of confocal, multiphoton and light-sheet microscopy as well as with the corre-
sponding analysis tools that enabled in toto imaging of living specimens such as early
Drosophila, zebrash and mouse embryos as well as organoids (Keller, 2013; Bénazéraf
et al., 2017; McDole et al., 2018; Chen et al., 2019; Dekkers et al., 2019). These excit-
ing studies helped to advance our understanding of cellular streams and morphological
changes during early embryonic development.
Nonetheless, despite these advantages, light microscopy on living organisms is so far lim-
ited to small organisms and cannot fully penetrate most tissues. However, parallel im-
provements on optical tissue clearing techniques based on the refractive index's adjustment
between the specimen and the embedding solution increased imaging depth enormously
and enabled full imaging of complete organs and embryos (Ertürk et al., 2012; Renier
et al., 2014; Epp et al., 2015; Masselink et al., 2019). However, tissue clearing is not
compatible with living organisms. But in combination with specic cell labelling and a
consecutive analysis of representative embryonic stages, the morphological changes of tail
mesoderm can be evaluated in total. Albeit their dierences mesodermal cells of the trunk
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and tail are morphologically and genetically largely indistinguishable. The axolotl em-
bryo is an ideal model for studying the tail mesoderm because it is the only vertebrate in
which the extension of the tail forming region could be precisely identied as the posterior
neural plate. The relatively large size of the axolotl embryo and its remarkable tolerance
during surgical manipulations enable tissue transplantations from gfp expressing cells to
unlabelled donors to label the tail mesoderm specically (Sobkow et al., 2006). The u-
orescent signal of these cells and their descendant is stable during optical tissue clearing
procedures, and 3D reconstructions of the whole embryo with cellular resolution can be
generated.
1.4 Aim of the project
This project aims to characterise and reveal morphogenetic movements of tail PSM cells
which lead to somite formation and posterior elongation in the axolotl embryo. The
posterior neural plate derived PSM provides the entire tail's somite material and about
one-third of somites in the posterior trunk (Taniguchi et al., 2015). Thus, a failure of PSM
formation results in a loss of the tail. Despite this decisive function, the morphogenetic
behaviour of the PSM concerning axial elongation and tail formation is barely understood.
The posterior PSM is actively involved in axial elongation, and consequently, its mass in-
crease must also be coordinated with neural tube and notochord elongation. So far, the
character of these morphological changes remained enigmatic, as their consequences for
tail formation. On this background it was aimed to characterise the PSM morphological
changes in the axololt embryo. Further, cellular behaviours like cell shape, orientation dis-
tribution and lopodia composition were of interest to explain PSM morphology changes
and by that the anterior turn phenomenon .
In this thesis, the axolotl was chosen as a model system for tail elongation and morpho-
genesis. The possibility to graft genetically labelled tail mesoderm specically was one
major precondition for conducting this work. It relies on previous studies and extends
our knowledge on amphibian tail formation as modern advanced imaging techniques with
cellular resolution in 3D will be used. For a targeted analysis of the tail PSM, specic
labelling of the tail PSM is irreplaceable to allows tracking of single cells. Optical tissue
clearing and confocal microscopy allow complete imaging of the tail PSM in 3D (Mas-
selink et al., 2019). The entire tail mesoderm will be measured at dierent embryonic
stages, and single-cells can be tracked to determine individual cell characteristics to iden-
tify morphogenetic movements and adjustments during mesoderm formation in the entire
tail at once. A removal of the tail epidermis as a an organ with direct contact to the PSM,
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should test the functional interaction of the PSM with this organ for tail elongation.
With this approach, the complete tail PSM, as well as single cells, can be followed during
development from the neurula to the extended tail in the axolotl, enable the study of
their role in the tail formation and posterior elongation. By an improved understanding








Agarose, low melting Silgma Aldrich
Ciprobay Bayer AG
DMSO Sigma Aldrich
Ethyl cinnamate Merck KGaA
Fluoromount Sigma-Aldrich
Fructose Applichem GmbH






MgSO4 x 7H2O Merck KGaA
NaCl Carl Roth GmbH







2 MATERIALS 2.1 Chemicals and solutions
Table 2: Buers and solutions
Solutions Components
1x Steinberg's 60 mM NaCL
0.6 mM KCL
0.6 mM MgSO2 x 7H2O
5 mM TRIS
adjust to pH 7.4
4 x Steinberg's 240 mM NaCL
2.4 mM KCL
2.4 mM MgSO2 x 7H2O
20 mM TRIS
adjust to pH 7.4
0.03% Benzocaine 10x TBS
4000% Holdtfreders
10% Benzocaine
10x TBS 200 mM Tris
1.5 M NaCl
adjust pH to 8
4000% Holdtfreders 4 mM KCL
2 mM 6CL2*2H2O
300 mM NaCl
Phosphate Buer 1 part 200 mM KH2PO4
10 parts 200 mM K2HPO4






Dent's xation 20% DMSO
80% Methanol
Table 3: Preparation of SeeDB fructose solutions
Concentration Fructose Solvent α-thiopclycerol
20% w/v 4 g
PBS up to a volume of 20 ml
100 µl
40% w/v 8 g
60% w/v 12 g
80% w/v 16 g
100% w/v 20 g distilled water up to a volume of 20 ml
SeeDB 20,25 g 5 ml distilled water
For 80%, 100% and SeeDB fructose solution dissolving of fructose was performed at 65°C.
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2.2 Antibodies and dyes
Table 4: Antibodies
Antibody Dilution Source Provider
GFP (ab13970) 1:1000 chicken abcam
Fibronectin (A0245) 1:500 rabbit Dako
Phospho-Histone 3 (06-570) 1:100 rabbit upstate
SOX2 1:500 rabbit self-made
α-tubulin 1:100 mouse Sigma-Aldrich
α chicken IgG, F(ab´)2 Alexa Fluor 658 1:1000 goat Cell Signaling Tech.
α chicken IgG, F(ab´)2 Alexa Fluor 488 1:1000 goat Cell Signaling Tech.
α rabbit IgG, F(ab´)2 Alexa Fluor 555 1:500 goat Cell Signaling Tech.
Table 5: Dyes
Dye Dilution Provider
DAPI, 4´,6-Diamidin-2-phenylindol 1:1000 Thermo Fisher Scientic
DiI 1 µg/µl Invitrogen
Phalloidin-TRITC 1:1000 Sigma-Aldrich
Propidium Iodid 1:1000 eBioscience
2.3 Techniqual equipment
Table 6: Technical devices
Instrumente Type Producer
Nanopump Nanoject II Drummond
Needle Puller P-97 Sutter Instruments
Vibratome 1000 S/N Bachofer
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Table 7: Microscopes
Instrument Type Objectives Detector
Olympus SZX16 Stereomicroscope Camera
XM10















Plan-Apochromat 20x /0.8 AxioCam
MRm
ZEISS LSM 510 Laser
scanning
microscope
EC Plan-Neouar 40x/1.3 Oil
DIC
PMT
ZEISS LSM 880 Laser
Scanning
microscope






2.4 Software 2 MATERIALS
Table 8: Emission devices
Instrument Light source Emission lters
ZEISS HXP 100 blue: EX 365, BS 395, EM 445/50
OBSERVER Z.1 green: EX 470/40, BS 495, EM 525/50
red: EX 550/25, BS 570, EM 605/70
ZEISS 385 nm LED blue: EX 375-395, BS 405, EM 410-440
OBSERVER 7 475 nm LED green: EX 455-483, BS 493, EM 499-529
555 nm LED red: EX 545-565, BS 610, EM 579-604













Software Application Version Producer
Arivis Vision 4D Image analysis 3.3.0 arivis AG
AxioVision LE Image aquire 4.8 Zeiss
cellSens Standard 1.5 Image aquire 9164 Olympus
Excel 2010 Data analysis 14.0.7181.5000 Microsoft
Fiji Image analysis ImageJ 1.52n U.S. NIH
GraphPadPrism Graphs and statistics 5.03 GraphPad Software
Inkscape Figure preparation 0.92 Inkscape
ZEN 2012 (blue) Image aquire 1.1.2.0 Zeiss
ZEN 2012 SP1 (black) Image aquire 8,1,0,484 Zeiss
Table 10: Fiji plugins
Plugin Developer
Segementation Editor J. Schindelin, F. Kusztos and B. Schmid
3D ROI manager T. Boudier
3D Viewer C. Rueden





3.1.1 Breeding of axolotls and embryo collection
Axolotl (Ambystoma mexicanum) were kept in the Axolotl-Newts Facility of the Center for
Regenerative Therapies of the TU Dresden. The Facility provided eggs of white (d/d) and
transgenic ubiquitously gfp-expressing axolotl. Eggs of lifeact-GFP transgenic axolotls
were kindly gifted by Prayag Murawala, Ph.D (MDI Biological Laboratory, Bar Harbour,
USA). After successful matings, the females lay eggs on articial leaves from where they
were collected. The developing embryos were kept in tap water at room temperature or
11°C. For the experiments embryos were transferred into cold (11°C) sterile 1x Steinberg's
solution (supplemented with 1% Penicillin-Streptomycin and 3 mg/ml Ciprobay) in plastic
dishes, coated 0.5 cm high with sterile 2% agar solved in tap water. The agar coat
impeded a sticking of embryos to the plastic dish surface and provided a soft substrate.
Before operations, the jelly coat was removed with forceps. Embryos were screened for
transgenesis under UV light and sorted accordingly. During the experiments, the embryos
were kept on the agar dishes in 1x Steinbergs solution at room temperature or 11°C. The
embryos were anaesthetised with 0.03% benzocaine for 20 min and subsequently xed
with 4% paraformaldehyde in 0.1 M phosphate buer.
3.1.2 Injections with the vital dye DiI
For the injection with DiI, embryos were placed in a hollow of an agar dish lled with 1x
Steinberg's solution. A sharpened 3.5 capillary was lled with DiI solution (1 µm/µl in
DMSO). Using a stereomicroscope DiI was injected under the epidermis (5nl) with the
help of a pump (Nanoject II). After the injection, the embryos were kept separately in an
agar-coated dish at RT or 11°C and imaged daily.
3.1.3 Tissue transplantation techniques
Embryonic tissue transplantation was performed from ubiquitously gfp expressing or
lifeact-GFP donors to white (d/d) hosts at stages 15 or 22. Transplantation of the entire
posterior neural plate was executed to label the tail mesoderm. When a discrimination
between left and right tail mesoderm was desired for measuring tissue dimensions, only
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the left half of the posterior neural plate was transplanted. Small grafts (≈0.5 mm x
0.5 mm) from the median, paramedian or lateral part of the posterior neural plate were
transplanted to follow movements of cells from dierent areas of the neural plate. Small
cells groups, about 20 cells (≈0.3 mm x 0.3 mm) were transplanted from median posterior
neural plate region to study individual single cells.
At stage 22, an about 1 mm x 1 mm tissue piece of the mesoderm or epidermis was
transplanted from a GFP + donor to a d/d host. For the transplantation of PSM or a
somite, the covering epidermis was lifted and gently stretched back over the wound.
During the transplantation procedure, a donor and host embryo were transferred into
11°C 4x Steinberg's solution and placed next to each other in small pits in an agar-
coated dish to hold the embryos. Then the vitelline membrane was removed with forceps
under a stereomicroscope. The host tissue was replaced by the corresponding tissue of
the donor with the help of tungsten needles. After transplanting small tissue pieces, the
grafted embryo was immediately transferred into a new dish lled with 1x Steinberg's
solution. Embryos were left to heal and to further develop. Larger tissue grafts were
covered with small piece of sterilised glass plate to hold the tissue in place. Subsequently,
the 4x Steinberg's solution was diluted to 1x strength with distilled water. After 10-
15 minutes, the glass plate was carefully removed, and the embryo was transferred into a
new dish lled with 1x Steinberg's solution.
3.2 Immunohistochemical staining
3.2.1 Vibratome sections
Embryos were either xed with 4% PFA at 4°C overnight or additionally with methanol.
As actin laments were sensitive for methanol xation, PFA-xation was used for animals
containing lifeact-GFP transplants or in case actin laments were stained later with phal-
loidin. In this case, PFA-xed samples were washed three times with PBS for 30 minutes.
Otherwise, they were directly transferred into Dent's solution at -20°C for one day and
subsequently transferred to and stored in methanol at -20°C. Methanol-xed samples were
rehydrated via a decreasing series of methanol (80% / 50% / 30%) diluted with PBS and
washed with PBS for 30 minutes. Specimen were embedded in 4% agar dissolved in tap
water and placed in the desired orientation. Transverse sections (80 µm thick) were cut
through the embryos staring at their caudal ends using a vibratome.. For the subsequent
staining procedures, sections were individually collected in single wells of a 24-well-plate
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lled with PBX. Then the tissue sections were incubated in 10% normal goat serum in
PBX for 1 h at RT for blocking unspecic binding sites. Incubation with antibodies was
carried out in 10% normal goat serum in PBX either overnight at 4°C with primary an-
tibodies or for 1 h at RT with secondary antibodies. When an optical tissue clearing was
planned, sections were incubated with primary antibodies for three days at RT and with
secondary antibodies for two days. In between sections were washed with PBX for 3 x 30
minutes. After staining, vibratome sections were individually transferred on a glass slide
and covered with mounting medium (FluoroMount) and a coverslip. All sections were
oriented with the former anterior side facing the coverslip using a stereomicroscope. Sec-
tions were imaged with a Zeiss OBSERVER Z.1 wide-eld microscope with apotome and
an EC Plan-Neouar 20x/0.5 or Plan Apochromat 20x/0.8 objective.
3.2.2 Whole-mount staining
Methanol-xed embryos were rehydrated and washed as described in 3.2.1. The pigmented
epidermis inhibits penetration of the laser light during imaging, therefore pigments were
bleached with 0,5% KOH/3% H2O2 for 1-1,5 h at RT until the embryos appeared yellowish-
whitish (adapted from Pérez Saturnino et al., 2018). Extensive washing with PBS three
times for at least 30 min followed the bleaching step to remove the alkaline solution.
Afterwards, the embryos were incubated with primary antibodies in 10% normal goat
serum/PBS for three days at RT in closed cryotubes. Incubation with the secondary
antibody was performed for two days at RT. Embryos were washed with PBX in a series
of 30 minutes, 1 h and 2 h after each antibody incubation step. The whole-mount staining
procedure was adapted from Kurth and colleagues (Kurth et al., 2012).
3.3 Optical tissue clearing protocols
3.3.1 Ethyl cinnamate based optical tissue clearing protocol
For the optical clearing of complete embryos, a clearing protocol adapted from Masselink
and colleagues was chosen (Masselink et al., 2019). After bleaching and immunohisto-
chemical staining (see 3.2.2) embryos were dehydrated for at least 2 h in an ascending series
of propanol (30% / 50% / 80% 1-propanol/PBS) with a pH adjusted to 9 with trimethy-
lamine for a better preservation of uorescent signals. After the incubation in 100%
1-propanol, samples were transferred into Ethyl cinnamate (ECi, 3-Phenyl-2-propenoic
acid ethyl ester) for 2 h to adjust the refractive index of the tissue. Microscopic imaging
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of the specimen was performed in the solution with a Zeiss LSM 880 microscope. The
images were acquired with an EC Plan-Neouar 10x/0.3 objective and a DPSS 561 nm
and a HeNe 594 nm laser.
3.3.2 SeeDB optical clearing protocol
The SeeDB clearing protocol was adapted from Ke and colleagues and applied on 80 µm
thick vibratome tissue sections (Ke et al., 2013). After immunohistochemical stainings
(see 3.2.1), the tissue sections were xed again with 4% PFA for 1 h at RT, followed
by two washing steps with PBS for 10 minutes each. For the optical clearing, samples
were incubated in a series of 20% / 40% / 60% fructose in PBS for 2 h, each, in 80%
fructose overnight and in 100% fructose and SeeDB solution for 1-2 days. All incubations
were performed in a 24-well plate on a rocking platform at RT and protected from light.
Sections were mounted in SeeDB solution on a glass slide with the anterior side facing
upwards. Imaging was performed with a Zeiss LSM 510 laser scanning microscope with
an EC Plan-Neouar 40x/1.3 Oil DIC M27 objective and 488nm Ar laser.
3.4 Image analysis
3.4.1 3D image generation and processing
Optically cleared whole embryos or tissue sections were imaged as z-stacks with a confocal
microscope. Tissue sections were imaged with a Zeiss LSM 510 microscope in 0.1 x 0.1 x 0.4 µm
and the whole embryos with a Zeiss LSM 880 in 0.8 x 0.8 x 7.3 µm resolution/voxel size.
The 3D reconstructions were either produced with Fiji or Arivis software. Fiji was cho-
sen for manual cell and lopodia segmentation and GFP+ tissue volume calculation (3D
Manager (Ollion et al., 2013) and 3D Viewer Plugin (Schmid et al., 2010)). Arivis was
used for automatic cell segmentation of GFP+ cells and the generation of custom adjusted
transversal and sagittal planes, tting to the anatomy of individual embryos.
3.4.2 Length measurements
Length measurement in axolotl embryos was performed on images generated via a stere-
omicroscope. Marks with DiI or GFP at stage 22 to 40 were measured from the most
rostral point to the centre of the label in parallel to the ventral body lining of the embryos
(Fig. 9A).
22
3 METHODS 3.4 Image analysis
In terms of measuring the length of the tail at stage 30, some geometrical ledger lines were
introduced to determine similar morphological structures in dierent animals (Fig. 25A).
First, a ventral line through the ventral neck groove and the groove at the trunk-tail
transition zone was implemented into the images. A transversal line orthogonal to the
ventral line through the cloaca was constructed and used to mark the border between
trunk and tail. The length of the tail was measured in a direct line from the transversal
line to the most caudal end of the tail, parallel to the dorsal lining. The angle between
this line and the transversal line was measured, indicating the degree of dorso-ventral tail
bending. Lateral bending of the tail was measured in embryos imaged from the ventral
side. The length of the left lateral side from the gill bulge to the tail tip was divided by
the length of the right side to generate a coecient representing the straightness of the
tail.
In 3D reconstructions, the length, height and width of the GFP labelled mesoderm was
measured using the Fiji 3D Viewer Plugin (Schmid et al., 2010). Points were selected
at the edge of the dierent mesodermal tissue regions (Fig. 3). The coordinates of each
point were used to calculate the distances between the two points P1 (P1x|P1y|P1z) and
P2 (P2x|P2y|P2z) as length, height and width of the mesoderm.
The distance between two points P1 and P2 is the length of the vector ~P1P2 :
~P1P2 =
 P2x − P1xP2y − P1y
P2z − P1z
 = √(P2x − P1x)2 + (P2y − P1y)2 + (P2z − P1z)2 (1)
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Figure 3: Measurements of GFP tissue dimensions
Length, height and width of GFP+ tissue were measured as distances between two points. The points
were manually selected according to tissue morphology. nt: neural tube
3.4.3 Manual segmentation
Individual mesodermal cells within the tail were analysed for dierent cellular parameters.
To measure these parameters vibratome sections through embryos containing small grafts
from lifeact-GFP transgenic embryos were imaged as a series of z-stacks. For single-
cell analysis, all cells which were visually distinguishable in all dimensions from other
GFP-marked cells and containing a nucleus in the imaged z-distribution were manually
segmented with the Fiji Plugin Segmentation editor (Fig. 4). Thereby, cell borders of
each cell were manually outlined in all images per z-stack.
Figure 4: Manual cell segmentation and ellipsoid tting
Individual single lifeact-GFP+ cells were manually segmented, and an ellipsoid was mathematically tted
into the segment. The ellipsoid represents the cell and was used for further analysis of cell shape,
orientation and distribution.
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3.4.4 Automatic segmentation
Automatic segmentation of GFP+ cells in whole-mount immunohistochemically stained
embryos was performed in 3D with Arivis software. Cells were identied based on the
uorescent signals (threshold 20) in a set diameter of 20 µm with a split sensitivity of
96%. The resulting segments were ltered for a volume of at least 100 µm3 to exclude
small particles and staining artefacts. From each segmented cell, the coordinates of the
geometrical centre were used further for analysis.
3.5 Determination of cellular parameters
3.5.1 Cell shape
The shape of a cell was determined by tting an ellipsoid mathematically into the seg-
mented cell (Fig. 4). The tting was performed by the 3D ellipsoid tting function of the
3D ImageJ suite plugin for Fiji (Ollion et al., 2013). The ellipsoids were used as simpli-
ed representatives of cells and an aspect ratio of the long axis divided by the short axis
could be easily determined in the ellipsoids to classify cell shapes. An aspect ratio of 1
corresponded to a perfect sphere, and a higher ratio described more elongated structures.
3.5.2 Cell and tissue volume
The volume of individual manually segmented cells (Fig. 4) or the entire GFP+ tissue was
calculated with the Fiji 3D manager plugin (Ollion et al., 2013). The volume of segmented
lifeact-GFP+ cells could be calculated directly without any further processing. The image
sets of the GFP+ tissue were processed beforehand with the Gaussian lter 3D function
of the Fiji 3D manager plugin. Then, the ltered images were segmented with the 3D
manager (threshold of 10) and the tissue volume was calculated.
3.5.3 Cellular distribution
Cell distances were determined as a measure of cell distribution within a tissue. The
coordinates of the central point of the ellipsoid dened the position of a cell in space.
These coordinates were used to calculate the distances of two lifeact-GFP+ cells from
each other (Fig. 5). Distances were only calculated for cells which were located in the
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same mesodermal region, the same tissue section and if they were captured on the same
microscopic image. Distances were calculated according to formula 1 (page 23) with the
central point of the ellipsoid of cell C1 (C1x|C1y|C1z) and cell C2 (C2x|C2y|C2z).
Figure 5: Calculation of distances between individual lifeact-GFP+ cells
Ellipsoids represent lifeact-GFP+ cells. The distances between the central points of the ellipsoids deter-
mine the space between individual labelled cells.
3.5.4 Closest neighbour analysis
The closest neighbour analysis represents cell density. For this purpose, 3D GFP+ meso-
dermal tissue image sets were used, and individual GFP+ cells were automatically seg-
mented. The resulting dataset of geometrical coordinates of each cell C (Cx|Cy|Cz) was
ltered according to the position of the cell within the mesoderm (Fig. 6A). Mesodermal
regions were identied by the tissue morphology in the 3D reconstruction of the whole
tissue and dened by a 3D sphere with a central point S (Sx|Sy|Sz) and a radius r. The
central points were manually determined for each mesodermal region in each embryo. The
radius was set to 100 µm for the PZ and posterior PSM. The measured height and width
of the anterior PSM and somites led to a radius of 50 µm in these regions. A cell was
considered to be part of a mesodermal region if it was located within the corresponding
sphere. That was true if the distance from the cellular geometrical central point to the
central point of the sphere was smaller than the radius of the sphere ( ~CS < r ). The
distance between C and S was calculated according to formula 1 (page 23).
The ltering approach generated dierent cell groups according to their aliation with
a specic mesodermal region (Fig. 6B). The distances between all cells of such a group
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were calculated. The ve shortest distances between a cell and their surrounding cells
were the distances to the closest neighbours of this cell. The ve distance values per cell
and region were plotted and compared between the dierent groups.
Figure 6: Closest neighbour analysis
A) Spheres represent mesodermal regions within the GFP+ tissue. Each sphere is dened by its central
point S and a radius r. Segmented GFP+ cells are ltered and grouped according to their location inside
a sphere. B) Distances between all GFP+ cells (black lines), the ve shortest distances per cell (red lines)
are determined as a value of the cell density in this region. nt: neural tube, PSM: presomitic mesoderm,
PZ: posterior zone; S1-S3: somites 1 to 3
3.5.5 Cell orientation
The orientation of a cell was represented by the orientation of the tted ellipsoid within
a 3D coordinate system (Fig. 4). The coordinates of the two poles of the ellipsoids (A,
B) were used to determine the vector ~v and its orientation, representing the orientation
of the cell (Fig. 7A and B):







To be able to evaluate the orientation of ~v in space, its intersection with the three co-
ordinate planes Eyz, Exz and Exy were determined. This was done by calculating the
intersection of ~v with normal vectors ~n of each coordinate plane ( ~nyz, ~nxzand ~nxy) in an
angle ϕ. If ~v was parallel to one of the normal vectors ~n or intersected in a minimal
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angle with ϕ≈ 0°, the corresponding cell was considered to be oriented like this normal
vector. Here, the general orientation of cells was of interest. Therefore, an intersection
of ~v with ~n of 0-45° was considered as the same orientation of ~v and ~n. This meant the
cell was orthogonally oriented to the plane. For example, a dorso-ventrally oriented cell
would have ϕxz≤ 0°-45°, but ϕyz≈ 90° and ϕxy≈ 90°. Thus, ~v would be orthogonal to the
longitudinal plane. Respectively anterior-posteriorly oriented cells had a ϕxy≤ 45° and
were orthogonal to the transversal plane. Similarly, mediolaterally oriented cells had a




 ; ~nxz =
01
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Calculation of the angle of intersection ϕ between the vector ~v and a normal vector ~n:


















Embryos were cut transversally. Thus the resulting anterior-posterior axis would be in
a direct line from head to tail. According to the embryonic anatomy, the real anterior-
posterior axis follows the shape of the neural tube, which is identical to the bending of
the back, respectively (Fig. 7C). This bending was measured by the angle α between the
articial section plane and the real transversal plane, which is the orthogonal axis of the
tangent of the back of the embryo at the approximate cutting region. Therefore a rotation
around the x-axis by α transformed the normal vectors ~nxz and ~nxy into ~nαxz and ~nαxy
and corrected all calculated ϕ to match the real situation in the embryo (Fig. 7D).
Transformation of the direction of the normal vectors ~n by α around the x-axis:
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 = Rx(α) ∗ ~n (5)
~nαxz =
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Figure 7: Determination of cell orientation
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Figure 7: Determination of cell orientation
A) Single lifeact-GFP+ cells were imaged in 80 µm thick transversal transversal tissue sections. B)
Segmented cells (green) were represented by the vector ~v between the points A and B at the poles of an
ellipsoid tted into the cell. The angle of intersection ϕxy, ϕyz and ϕxz between ~v and and the normal
vectors ~nxy, ~nxz and ~nyz of the transversal (EXY ), sagittal (EY Z) and longitudinal (EXZ) plane determine
the orientation of the cell in the coordinate system. C) According to the dimensions of the transversal
tissue section (black dashed line), the resulting and calculated anterior-posterior axis would be in an
orthogonal straight line (green dashed line). The real embryonic anterior-posterior axis follows the neural
tube or bending of the back and is curved. To match the situation in the embryos, the anterior-posterior
axis was seen as a tangent at the point of the performed transversal tissue sections. The transversal plane
at this part of the embryo is orthogonal to the tangent. The corrected transversal plane diers from the
cut transversal plane by the angle α. D) The coordinate system generated by the image dimensions, were
transformed according to the measured angle α in each image set. The transformation of the coordinate
system, generated new normal vectors of the coordinate planes ~nαxz and ~nαxy. These normal vectors
were used to calculate the orientation of a cell according to its position within the embryo.
3.5.6 Length and orientation of lopodia
Filopodia were xed with PFA, therefore a shrinkage and deviation from the normal
orientation must be considered. Most lopodia were, however, still straight and one
cannot assume a severe abundant desorientations or destructions. Only these lopodia
were included in the measurements.
An individual lipodium was characterised by the coordinates of its root R (Rx|Ry|Rz)
and its tip T (Tx|Ty|Tz). Each lifeact-GFP+ cell was screened for the occurrence of
lipodia. If a lipodium was found, the coordinates of R and T were extracted from
z-stacks with Fiji. The length of a lipodium was calculated as the distance between T
and R (page 23).
The orientation of a lopodium was calculated similarly to the cell orientation (formula 5,
6 and 7 at page 29). The same orientation corrections of ϕ were implemented dependent
on the position of the cell the lopodium belonged to (formula 8, 9 and 10).
3.5.7 Distance of cells to a plane
The distances of a segmented GFP+ cell C to the sagittal (EXY ) plane and the transversal
(EXZ) plane was used as a measurement of the mediolateral and anterior-posterior local-
isation of a cell within the mesoderm (Fig. 19B on page 57).The planes were manually
positioned with Arivis software in the 3D reconstruction of each embryo. The planes
were dened by the normal vector ~n and point P within the plane. The sagittal plane
was oriented along the length of the neural tube. The transversal plane was implemented
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orthogonally to the sagittal plane at the tip of the tail. The convex shape of the embryo




; P (Px|Py|Pz); C (Cx|Cy|Cz)
Coordinate form of a plane E:
a = n1P1 + n2P2 + n3P3 (11)
The distance between C and E was calculated:
d(C;E) =




3.5.8 Mitotic rate and spindle orientation
Tissue sections were stained with propidium iodide to label DNA in the cell nucleus. The
z-stack images were manually screened for mitotic spindles, and cells in the anaphase
and metaphase were counted. Mitotic spindles of cells in the metaphase were used for
the analysis of oriented cell division. Therefore, the orientation of the mitotic spindles
was calculated similarly to the cell orientation. The coordinates of the centrioles A and
B were determined with Fiji. The direction of the cell division was represented by the
orientation of a vector ~v between the centrioles. Correction of the anterior-posterior axis
of each transversal section according to the embryonic anatomy was performed similarly




4.1 The presomitic mesoderm is associated with axial elongation
Tissue morphological changes can be conveniently studied during tail formation. New
tissue arises as a posterior appendage and extends in the posterior direction to form a
tail. The axolotl embryonic tail is composed of a central neural tube and notochord,
bilaterally anked by the axial mesoderm and covered by the epidermis. The PSM needs
to expand in order to keep up with the elongating neural tube and notochord. In this
process, the behaviour of the tail PSM is not entirely understood yet. It has to increase its
volume to t into the posteriorly growing embryo but becomes limited from the anterior
direction by continuously forming somites, the developmentally more mature PSM cells
state. Tissue transplantation techniques in the axolotl embryo enable specic labelling
of the tail mesoderm, facilitating optical clearing techniques and advanced imaging a
dynamic morphological analysis of the whole tail tissue in 3D.
4.1.1 Elongation of the body axis
In the axolotl, morphological changes play a signicant role during early embryonic de-
velopment (Fig. 8A). Initially, the embryo had a spherical shape, but after stage 15 it
elongated progressively. From the rst cleavages until the end of gastrulation, it kept a
constant diameter of 2 mm (Fig. 8B, red dots). Remarkably, even during gastrulation,
when the germ layers become established, and the whole body structure rearranges, the
embryo's outer dimensions remain constant. Axial elongation started at neurula stages
(stages 14-19) when the neural folds close above the neural plate to form the brain and
neural tube. At stage 22, the neural folds were fused entirely, and head and tail bud
structures became prominent (Fig. 8A). Head and tail structures continued to develop,
and the embryo further elongated so that at stage 40, the overall body shape resembled
that of the later larva with a distinct head and tail. In parallel to body elongation and tail
formation, somites are formed linearly, with approximately one pair per 2,5 h (Fig. 8D).
While the number of somites and the embryo's length increased, height and width did
not change during development (Fig. 8B and C). Thus, in the axolotl, embryonic morpho-
logical changes and somitogenesis seem to be associated with axial elongation. Therefore
individual tissues need to extend and change their shape to amend the overall embryonic
body shape.
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Figure 8: Embryonic axis elongation in axolotl
A) Macroscopic view of major postgastrulation stages; neurula: stage 15-19 (dorsal view), tail bud:
stage 22-30 (lateral view), scale bar valid for all stages, except for stage 40; B) Measurement of body
dimensions during embryonic growth; C) Insert from B; D) Development of somite pairs with respect to
time; B, D) Original measurements after Bordzilovkaya and Dettla, 1975; nf: neural fold, np: neural
plate, a: anterior, p: posterior
4.1.2 Contribution of dierent tissues
The axial structures, neural tube and notochord, participate in elongation of the embryo
by mediolateral convergence, directed cell division, and cell size increase via vacuolisation
(Adams et al., 1990; Walck-Shannon and Hardin, 2014). The bilaterally located paraxial
mesoderm lies left and right to these two axial structures. It is mechanically linked to
them and contributes to axial elongation in the chicken embryos (Xiong et al., 2020). So
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far, studies in chicken did not address the question, which parts of the paraxial mesoderm
are involved in what respect in posterior elongation. To answer this, the uorescent vital
dye DiI was injected through the skin of developing axolotl embryos into the underlying
tissues. The externally developing embryos were ideal for that approach, and the injections
were only a minor disturbance for the animals. With the dye injections, local cells'
contribution to elongation was measured as the relocation's relative distance (Fig. 9, 10
and 11). For injections, stage 22 was chosen as the most suitable stage, because it is
the rst stage where posterior elongation commences, and prospective head, trunk and
tail portions can be discriminated. Focal injections were performed at dorsal, lateral
and ventral aspects of the embryo. With dorsal injections, the potential inuence of
the dierent parts of the paraxial mesoderm on axial elongation was tested. The PSM
was targeted in three dierent locations along the anterior-posterior axis, together with
anterior somites(Fig. 36). Also, the LPM and the endoderm were injected on the embryo's
lateral and ventral side for comparison to PSM values of relocation (Fig. 38 and 39).
The LPM forms the lining of the lateral trunk regions which surrounds the endoderm.
Both tissues, LPM and endoderm, are only present in the trunk and absent in the tail.
Therefore, a contribution to posterior elongation could not be expected.
In each group, focal injections were distributed in a line along trunk and tail bud to
discriminate between trunk and tail elongation (Fig. 9-11).DiI was injected either directly
behind the head-trunk transition zone (identied anteriorly by the brain bulge), at the
mid-trunk (dorsal apex of the embryonic trunk), and the trunk-tail transition zone. An
imaginary transversal line dened the latter through the prospective cloaca (Fig. 9A). DiI
injections at stage 22 into dorsal regions were intended to label somites or PSM stretching
caudally from the anterior trunk to the tail tip next to the cloaca. Lateral and ventral
DiI injections were made in a direct line from the anterior trunk to the prospective cloaca
(Fig. 10A, 11A). After the injections, embryonic development was followed until stage 40.
Localisations, distribution and space covered by DiI-labelled cells were measured and
summarised graphically (Fig. 9A, B, 10A, B and 11A, B). Distances, measured between
the most anterior body border and DiI labels were correlated with the entire body length
to compare DiI-labelled cell relocations at individual embryos and dierent stages.
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Figure 9: DiI-labelling of paraxial mesodermal cells in the dorsal trunk and
tail
A) Schematic summary of focal dorsal DiI injections at stage 22 and locations and expansions of DiI
labels until stage 40. B) Determination of DiI locations in various stages after injection at stage 22.
C) Selected embryos injected with DiI at stages 22 to 40; 6 embryos were injected with DiI into the
head-trunk transition zone, mid-trunk and trunk-tail transition zone and 5 embryos into the tail bud and
tail tip area; myo: myotome, nt: neural tube
Generally, all DiI injection sites expanded during embryonic development and were shifted
anteriorly in relation to the elongating body (Fig. 9, 10 and 11). Anterior relocations
varied depending on the position of the injection site (Fig. 9). The least change was
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observed at the head trunk transition zone (violett) showing that the developing head
did not inuence embryonic length. DiI labels at the mid-trunk apex (orange) became
relocated into anterior trunk regions, and the label at the trunk-tail transition zone (green)
shifted into the mid-trunk area. The mid-trunk injections targeted somites, but focal
injections at the trunk-tail transition zone labelled PSM. All DiI injections into the trunk
appeared to become localised close to each other, probably because the tail expanded
considerably between stage 22 and 40.
DiI labelled cells in the tail regions showed a dierent behaviour. Labelled cells in the tail
bud (red) became relocated into the tail tip whereas, cells from the posteriormost position
of the tail bud (blue) became distributed over the entire tail and posterior trunk. These
cells participated in forming myotomes and parts of the posterior neural tube (Fig. 9A).
Although the measured relative distances varied considerably between individuals, the
mean value showed only a minor anterior relocation compared to focal injections into the
trunk PSM. In summary, labelled cells from injections sites in the trunk's paraxial meso-
derm spread moderately arguing for a minor contribution of the trunk PSM to elongation
in contrast to tail PSM.
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Figure 10: DiI-labelling of lateral plate mesodermal and endodermal cells in
the lateral trunk
A) Schematic summary of focal lateral DiI injections at stage 22 and locations and expansions of DiI
labels until stage 40; B) Determination of DiI locations in various stages after injection at stage 22. C)
Selected embryos injected with DiI at stages 22 to 40; 6 embryos were injected with DiI into the mid-trunk
and trunk-tail transition zone and 4 embryos into the tail bud area; myo: myotome, nt: neural tube
With focal DiI injections into lateral and ventral trunk regions, the LPM and endoderm
were labelled (Fig. 10 and 11). The label in the lateral mid-trunk (orange) expanded
nearly over the embryo's entire lateral aspect. That could either mean that cells became
distributed over the lateral-ventral body area to participate in the development of inner
organs, or that the dye became diusely distributed within the endodermal tissue. The
trunk-tail transition zone label (green) became relocated slightly anteriorly but less than
observed after dorsal injections. DiI injections into the posteriormost endoderm in the
tail bud region (red), partly labelled cells forming myotomes and posterior spinal cord
later. These tissues are no descendants of the endoderm. Therefore it is likely that the
injections destined to label endoderm additionally to labelled cells of the posterior tail
PSM.
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DiI injections into the ventral LPM and endoderm did not reveal any cell locations changes
until stage 30 (Fig. 11). Only later, a slightly anterior relocation could be observed. Cells
mostly persisted in the position where they were initially labelled except for injection
sites close to the prospective cloaca at the trunk-tail transition zone (green). There, cells
of the ventral n mesenchyme and hindgut were labelled. Overall, DiI-labelled cells of
the endoderm or ventral LPM did neither expand much nor change their location until
stage 40 compared to the posterior tail PSM cells. In summary, this labelling approach
showed that only the posteriormost cells of the tail PSM form large areas of the tail
mesoderm. The labelled tissue expanded enormously in the tail, indicating that the tail
PSM contributes to posterior axial elongation by its expansion.
Figure 11: DiI-labelling of endodermal cells in the ventral trunk
A) Schematic summary of ventral focal DiI injections at stage 22 and locations and expansions of the DiI
label until stage 40. B) Determination of DiI location sites in various stages after injection at stage 22.
C) Selected embryos injected with DiI at stages 22 to 40; 6 embryos were injected with DiI into the
head-trunk transition zone, 5 embryos into the mid-trunk and 8 into the trunk-tail transition zone; myo:
myotome, nt: neural tube
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4.1.3 Dierential contribution of mesoderm and epidermis
The nding that the posteriormost tail bud tissue contributes decisively to the tail for-
mation and axial elongation was conrmed and extended in another experiment. With
the previous focal DiI injections, the mesoderm, but also the overlying epidermis could
be labelled. Therefore, relocations of the epidermis were compared to the position of the
mesoderm. Tissue transplantations of either mesoderm or epidermis from a ubiquitously
expressing GFP donor to an unlabeled white (d/d) host embryo were carried out, to guar-
antee a more specic tissue labelling (Fig. 12). Regions for transplantation were similar
to those of DiI injections sites. Relative locations of GFP labelled cells were measured
and compared between mesodermal and epidermal cells at stage 40 (Fig 12B).
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Figure 12: Orthotopic grafting of GFP+ labelled epidermis and paraxial meso-
derm
A) Calculation of the relative location of transplanted GFP+ cells. B) Locations of transplanted cells at
dierent embryonic positions based on relative distances; C-J) Epidermal or mesodermal GFP+ grafts
in stage 22 embryos and their corresponding localisation at stage 40; 2-4 embryos were transplanted per
group
At stage 40, the transplanted GFP-labelled mesodermal cells showed similar localisations
as the DiI-marked mesodermal cells (Fig. 12B and D-J). Similarly, only the posterior tail
PSM transplant contributed to forming a broad area of myotomes in the posterior trunk
region and tail (Fig. 12J). That conrmed the previous DiI labelling experiment results
and an intense leakage of the dye into the surrounding tissue could be ruled out. Epidermal
grafts kept the localisation of their initial position and changed their position only slightly
(Fig. 12C-I). In all regions tested, the mesodermal tissue shifted more anteriorly than the
corresponding overlying epidermis. The broad expansion of grafted GFP+ mesodermal
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cells from the tail tip conrmed that the posterior tail PSM is involved in axial elongation
and tail formation but not the trunk mesoderm or epidermis.
4.1.4 Dual potential of mesodermal progenitors
Overall morphological changes and posterior elongation of the axolotl embryo were asso-
ciated with cellular relocation of the tail PSM. For an exact exploration of the associated
morphological changes, the tail PSM needs to be specically labelled to distinguish it
from surrounding structures and the trunk PSM.
In the axolotl, the posterior neural plate was previously identied as the source of the
tail mesoderm (Bijtel, 1931, 1936; Taniguchi et al., 2015). The posterior neural plate
was dened as the posterior fth of the neural plate in a stage 15 axolotl embryo. Cells
of this region do not contribute to the formation of the neural tube, as more anterior
neural plate cells do but become mainly mesodermal. Descendants from posterior neural
plate cells form the PSM and later the muscles on either side of the tail (Taniguchi et al.,
2015, 2017). Tissue transplantations in the external developing axolotl embryos oer
the technical possibility to follow descendants of the GFP-labelled grafts later in older
embryos and larvae. Thus, the posterior neural plate was transplanted from a GFP+
neurula to a d/d (white) one (Fig. 13A). This localisation-based cell labelling allowed the
study of the localisation, morphology and expansion of the posterior neural plate derived
tail mesoderm during the embryonic development with clear separation from the trunk
mesoderm.
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Figure 13: Transversal histological sections through the posterior neural plate
derived tail tissue
A) Experimental design: The posterior neural plate was transplanted from a stage 15 GFP+ donor
to a d/d host. Transversal sections through the transplant were cut at stages 16, 22 and 25. B-D)
Immunohistochemical staining against SOX2 and GFP on tissue sections of stages 16, 22 (E-G) and 25
(H-J). Cell nuclei are shown in blue (DAPI). nt: neural tube, noto: notochord, PZ: posterior zone, PSM:
presomitic mesoderm, som: somite
In a rst step, the extension and tissue contribution of the grafted posterior neural plate
cells were inspected on histological sections at dierent time points during tail devel-
opment. Two hours after transplantation (stage 16), the GFP+ posterior neural plate
cells were fully incorporated into the host embryo, and GFP+ cells could be identied
immunohistochemically (Fig. 13B-D). At the posterior end, few GFP-labelled cells were
additionally positive for the neural marker SOX2. The SOX2/GFP+ cells were only lo-
cated laterally near the neural folds (Fig. 13D). In the anterior part of the posterior
neural plate, SOX2+ cells were also found in the medial neural plate, and all cells of the
non-transplanted neural plate produced SOX2, consistent with their neural fate (Fig. 13B
and C). These immunohistochemical stainings were in accord with in situ hybridisations
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performed by Taniguchi and colleagues and conrmed a correct general dimension of the
transplanted tissue area (Taniguchi et al. 2017) .
At stage 22, GFP-positive cells were found in the PZ of the tail bud and posterior end of
the neural tube (Fig. 13G and 14B). In the PZ, several of these cells were also positive
for SOX2. These cells could either be destined for the future posterior part of the neural
tube or have an NMP identity (Fig. 14B). Some cells at the lateral edges of the neural
tube were GFP+ and must therefore have derived from the transplant (Fig. 13F). By
transplantation, neural cells were always included in the transplant, either because the
grafted tissue size reached into the neural plate's neuroectodermal areas or because some
grafted cells had an NMP identity. Later at stage 25, GFP+ cells generated a continuous
tissue sheet from the PZ into the bilateral PSM (Fig. 13J and I). The majority of posterior
neural plate derived cells progressively contributed to the PSM, which shows that tissue
transplantation is an eective technique to label the tail PSM specically.
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Figure 14: Median histological sections through the tail tissue
A) Experimental design: The posterior neural plate was transplanted from a stage 15 GFP+ donor to
a d/d host. B) Paramedian section through PSM at stage 22, immunohistochemically stained against
SOX2 and GFP. C, D) Maximum intensity projections at stage 28 and 30, immunohistochemically
stained against SOX2 and GFP and optically cleared. E) New pairs of GFP+ tail somites are formed
every two hours. Observations started at stage 30. F) Median section through the neural tube and PZ
at stage 35, immunohistochemically stained against SOX2 and GFP. G) Maximum intensity projections
at stage 35, immunohistochemically stained against bronectin (FN) and optically cleared, showing the
increase in somite size from tail to head. nt: neural tube, noto: notochord, PZ: posterior zone, PSM:
presomitic mesoderm, som: somites
Morphological changes of the PSM are in part determined by somite formation that
inuences tissue dimensions and timing. Therefore, the histological analysis of cells de-
scending from the posterior neural plate was extended to stages with tail somites. Somites
are the further developed mesodermal structure that limits PSM expansion anteriorly. At
stage 28, the anterior part of the GFP-positive tail PSM appeared loose with single cells
being located anteriorly to the central mass, and a few individual GFP+ cells contributing
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to somite formation (arrows, Fig. 14C and 15). Thus, by stage 28, the entire PSM was
positive for GFP and must have derived from the posterior neural plate. By stage 30,
between two to eight pairs of somites were utterly formed by GFP+ cells and every two
hours, a new pair was added (Fig. 14D and E). At stage 35, all somites of the tail and
posterior trunk were descendants of posterior neural plate cells and increase their size in
caudal to cranial manner (Fig. 14F and G). That time course of tail PSM and somite for-
mation helped dene embryonic stages concerning a distinct tail mesoderm morphology
for further analysis.
4.1.5 Mesodermal tissue expansion
The complete tail mesoderm needs to be visualised to analyse the entire tissue and avoid
limitations on single tissue parts. Therefore, 3D projections of the axolotl embryonic tail
region were generated. For this purpose immunohistochemical whole-mount staining was
combined with optical tissue clearing based on ethyl cinnamate. Embryos were micro-
scopically imaged through their entire tail region, using a confocal microscope, and 3D
projections were generated from these images for further analysis (Fig. 15).
On 3D projections, medial tissue condensations of the GFP-labelled transplanted posterior
neural plate were visible at stage 19. The GFP+ tissue remained accumulated in the tail
bud until stage 22 but then became arranged as PSM bilaterally to the neural tube
and notochord. At stage 28, cells at the anterior border appeared to be mixed with
unlabelled PSM cells of the trunk, giving the impression of loosely arranged GFP-positive
tissue assembly, similar as observed on histological sections. Robustly at stage 30, GFP+
somites were observed. Also, the neural tube contained partially GFP labelled cells at its
posterior end. Overall, the 3D tissue morphology was comparable to the tissue dimensions
on histological images of the tissue sections, providing 3D reconstructions as a useful tool
for further tissue analysis.
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Figure 15: 3D reconstruction of the GFP+ tail mesoderm
A) Experimental design: The posterior neural plate was transplanted from a stage 15 GFP+ donor to a
d/d host. B) 3D reconstructions of the distribution of transplanted GFP+ tail mesoderm, immunohis-
tochemically stained against GFP. The presumptive embryo outlines and neural tube are outlined. nt:
neural tube, PZ: posterior zone, PSM: presomitic mesoderm, som: latest formed somite
The combination of tissue transplantation and whole-mount imaging enabled a determi-
nation of tail PSM dimensions. The tail PSM morphology changed during development
and is one main factor for axial body extension and tail formation. Thus, unravelling
morphogenetic movements of the tail PSM helps to understand posterior elongation and
other processes of tail formation.
The transplantation procedure was adapted for GFP-positive tissue measurements, and
therefore only the left side of the bilateral neural plate was grafted (Fig. 16A). That had
a technical reason because the microscope scans through the embryo only from one side.
Signals from the contralateral side are therefore weaker due to increased light scattering.
To avoid that but still be able to image a dened tissue, only one half of the bilateral tail
mesoderm was labelled and measured in 3D reconstructions.
The GFP+ tail mesoderm increased its length continually during the elongation from
about 500 µm to 1200 µm between the stages 22 and 30 (Fig. 16B and C). Tissue volumes
stayed constant initially between stage 22 and 28 but became doubled towards stage 30
(Fig. 16D). The period between stage 22 and 28 is when GFP+ cells form exclusively tail
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PSM and no somites yet. Strikingly, the volume of single individual cells decreased to
approximately half after stage 22 and was similar in stage 28 and 30 (Fig. 16E). Axolotl
embryos contain yolk vesicle in each cell. Yolk vesicles are the internalised nutrition source
for all cells throughout the embryonic period until the animal is fully developed and able
to hunt prey on its own. A reduction of the single-cell volumes was most likely due to
the consumption of yolk. The reduction of the single-cell volume and the increase in
tissue length without increasing volume might be either explained by cell proliferation
or cell rearrangements. Measurements of tissue height and width revealed a dynamic
change of tissue morphology other than elongation. At stage 22, the tail mesoderm
formed a bulge in the tail bud (Fig. 16B, F and G). The bulge decreased in width at
stage 28 to form an in height and length extended PSM. The tail PSM formed a high and
thick tissue which became smaller in somite forming regions. At stage 30, the GFP+ tail
mesoderm had a regular height of about 140 µm in all mesodermal areas where it occurred.
The measurements reected the morphology observed in the 3D images. The tissue was
extended in the PZ posterior to the neural tube and became constrained laterally in the
PSM regions. Somite dimensions were similar at stages 28 and 30 (compare Fig. 16 B
and G). In this experiment, only a fraction of somite cells were GFP+, and in the anterior
tissue area, mixed with unlabelled cells. Therefore the height and width of the anterior
tissue regions and somites might be higher than measured here due to the high amount
of unlabelled somite cells.
The 3D reconstructions and measurements of the structures of tail mesoderm illustrated
the morphological changes the mesoderm executed. Morphogenetic movements trans-
formed the condensed tissue into an extended PSM cord with vastly altered tissue dimen-
sions and without a change of tissue volume. So far, it was unknown, whether amphibians
elongate similarly to sh without an increase in volume (Steventon et al. 2016). Even-
tually, non-volumetric growth of the tail is a conserved mechanism among anamniotes.
Therefore, morphological changes of the tail mesoderm in axolotl seem to remodel the
tissue so that its length increases at the expense of other dimensions and with a constant
tissue volume.
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Figure 16: Measurement of the mesodermal tissue dimensions
A) Experimental design: The left side of the posterior neural plate was transplanted from a stage 15 GFP+
donor to a d/d host. Embryos were immunohistochemically stained, optically cleared and imaged with
a laser scanning microscope. B) 3D reconstructions of the GFP+ tail mesoderm, immunohistochemical
staining against GFP and SOX2. C) Length (anterior-posterior extension) of the GFP+ tissue; D)
GFP+ tissue volume. E) Cell volume of individual GFP+ cells in thick vibratome sections; 71 (PZ),
38 (post. PSM), 38 (med. PSM), 55 (ant. PSM), 112 (somites) cells were analysed. F) Height (dorso-
ventral extension) and G) Width (mediolateral extension) of the GFP+ tissue in dierent stages; 1 way
ANOVA: * p>0.005, ** p>0.001, *** p<0.0001; 3 stage 22, 4 stage 28 and 4 stage 30 embryos were
analysed; PZ: posterior zone, nt: neural tube
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4.2 Cellular behaviour inuences mesodermal morphology
During tail development, the PSM changes its morphology. It elongates posteriorly while
cells of its anterior portion form somites continuously. Changes of tissue morphology and
expansion might be explained in part by coordinated proliferation or active cell migration.
Cellular positions could be changed in several ways. Anterior paraxial and notochordal
mesoderm elongate during gastrulation by cell intercalation movements. Another possible
mechanism would involve a faster-directed relocation of a regional subgroup f.e. medial
PSM cells vs lateral PSM cells. Variable regional cell migration processes with dierent
dynamics could explain the increase in the PSM height at stage 28, attening to a one-
level height at stage 30 (Fig. 16F). Besides active cell migration, passive cell relocation
caused by external or internal mechanical forces, by the neural tube, notochord or the
NMP could be involved. Thus, cellular parameters were analysed to understand better
the mechanisms that shape the developing PSM regions.
4.2.1 Cell division
Regional oriented cell division is a well functioning mechanism to change tissue dimension.
The NMP are thereby a cell population which may act as a proliferation centre. Immuno-
histological staining with the proliferation marker phospho-histone 3 (PH3) at stages 22
and 28 showed an equal distribution of dividing or proliferative cells (Fig. 17B and C).
No subregions with high amounts of PH3+ cells were observed, indicating no proliferation
centres exist in the axolotl embryo.
Equally distributed mitotic cells which show an oriented cell division can also alter tissue
dimensions. That was illustrated by counting GFP+ cells on a histological section. Here
an increase in cell numbers could be found (Tab. 11 and Fig. 17D).GFP+ mesodermal cells
doubled from stage 19 to stage 22, but later only a moderate number of cells (about 20%)
were added (cell counting at stage 28). However, by stage 30, cell numbers had doubled
again. That correlates with the observed increase in tissue volume between stages 22 and
30.
In the neural tube, the numbers of GFP+ cells were low compared to those among meso-
dermal cells. A maximum of about 80 GFP+ neural cells was found in the transplants
(Tab. 11). Thus, in the analysed embryos, most transplanted posterior neural plate cells
had or gained a mesodermal identity, and the fraction of neural cells included in the anal-
yses was only minor and was therefore neglected. The volumetric increase of the tail PSM
after stage 28 must be associated with some cellular increase.
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19 69 527 - 5.9
22 73 1095 27 1.4
28 92.5 1232 78 12.1
30 102 1989 1 4.4
The nding of an anterior-posterior oriented cell division would support the idea of stretch-
ing the PSM in the anterior-posterior direction without the involvement of cell migration.
Therefore, positions of the centrioles of mitotic cells were marked in thick vibratome his-
tological sections, and the orientation of the mitotic spindles were determined to test
for oriented cell division in an anterior-posterior direction. The percentage of anterior-
posterior oriented mitotic spindles were low and ranged from 1.4% to 12.1% (Tab. 11).
Thus, oriented cell division did not seem to be an essential mechanism for extending the
PSM in an anterior-posterior direction.
As neither proliferation centres nor directed cell divisions could be identied, it could
be that the proliferation rate alters only in particular stages or tissues. That would
explain the dierent elongation speeds the dierent tissues described before in chicken
(Bénazéraf et al., 2017) Therefore, mitotic rates were calculated by dividing the number
of identied mitotic cells by the total cell number per tissue section (Fig. 17E). In general,
the mitotic rates for all tissues of the tail were low. The GFP+ mesoderm showed thereby
the highest proliferation rate at stage 22 with 2.8%. Discrimination between types of
mesodermal tissue such as PZ, anterior, posterior PSM and somites, showed, that the
highest proliferation rate was observed in the actual most anterior GFP+ tissue region in
all stages (Fig. 17F). At stage 22, mitotic cells were mostly found in the posterior PSM.
At stage 28, the anterior PSM exhibited the highest rate, and at stage 30, somites showed
the highest number of mitotic cells but in a high variance between individual animals.
The proliferation rate of the PZ of about 2% always remained low in all stages.
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Figure 17: Mitotic rate in the embryonic tail region
A) Experimental design: The posterior neural plate was transplanted from a stage 15 GFP+ donor to
a d/d host. B, C) Median sections of stage 22 and 28 embryos were immunohistochemically stained
with Phalloidin and against phospho-histone 3 (PH3). D) Total cell number of GFP+ mesodermal cells,
counted on transversal histological sections. E) Mitotic rate of GFP+ tail mesoderm. F) Mitotic rate
of GFP+ mesodermal subtypes. G) Mitotic rate of all tissues in the tail posterior of the cloaca; 1 way
ANOVA: ** p>0.001, *** p<0.0001; 3 embryos were analysed per stage
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Mitotic rates of the GFP+ mesoderm were compared to all other tissues present in the
tail region posterior to the prospective cloaca (Fig. 17G). The posterior tip of the neural
tube showed a constant mitotic rate of about 3% in all stages. The mean mitotic rate of
the epidermis, notochord and endoderm in the tail region was low and showed only little
changes between stages 22 and 30. The only exception was the notochord. At stage 22,
it had 3.8% mitotic cells four-times as many as in later stages. In Xenopus, it is known
that the cells of the notochord proliferate only initially but later increase their cell size
by the production of vacuoles. The vacuolisation combined with a growing bronectin
coat elongates and stiens the notochord (Adams et al., 1990). In the axolotl, a similar
process seems to occur between stages 22 and 28 in the notochord. Proliferation seems
to be not the primary driver of axial elongation in the other tissues, considering the low
and decreasing mitotic rates. An essential factor of axial body elongation might be a low
but constant push from the elongating neural tube and notochord (Xiong et al., 2020).
4.2.2 Positional changes
In case posterior elongation would mainly be mediated by a stretching of the neural tube
and notochord, then the paraxial mesoderm would simply increase its anterior-posterior
extension as a consequence of such a stretch. However, in the axolotl embryo, the pos-
terior neural plate performs an anterior turn during which the initially most posterior
cells become located as the most anterior cells of the tail PSM (Bijtel, 1931; Taniguchi
et al., 2017). Thus, internal rearrangements of PSM cells seem to be important during
tail formation. Such active involvement of the mesoderm might indicate a more complex
mechanism of axial elongation. To further analyse cell rearrangements within the meso-
derm, small groups of GFP+ cells from a median, paramedian or lateral position of the
posterior neural plate were transplanted into the corresponding position of a d/d host.
In this way, dierent kinds of cell movement could be followed from their start in the
posterior neural plate until their nal location in a myotome.
GFP-labelled cells from the median neural plate had reached the medial and anterior PSM
at stage 28 (Fig. 18A). At stage 30, they contributed to somite formation, and at stage 35,
they participated in myotome formation. No GFP+ cells were found in the PZ or adjacent
to the posterior end. Transplanted cells from the paramedian posterior neural plate were
found in more posterior PSM regions of the tail than median cells (Fig. 18B). GFP+
labelled cells of the lateral posterior neural plate accumulated in the PZ and posterior PSM
regions of stage 28 embryos (Fig. 18C). This cellular distribution was comparable to the
location of posterior neural plate-derived cells at stage 22. Surprisingly, at stage 30, these
53
4.2 Cellular behaviour inuences mesodermal morphology 4 RESULTS
GFP+ cells either remained in the PZ (3 embryos) or shifted anteriorly (4 embryos). The
anterior-posterior expansions of lateral cells were comparable to those of the paramedian
neural plate cells, but they remained more ventrally located and more distant to the neural
tube (Fig. 18C and 19C,D). At stage 35, lateral neural plate cells became also relocated
anteriorly and were engaged in myotomes. Thus, the lateral posterior neural plate cells
remained the longest in the PZ before moving anteriorly, following the other neural plate
cells.
Median posterior neural plate cells were found on either side of the neural tube. Lateral
cells, in contrast, always remained on the left side. This observation suggests that pos-
terior neural plate cells may already be biassed to following left-right and mediolateral
coordinates of migration. The anterior turn is led by medio-posterior cells (Fig. 19A). The
reorientation of tissue dimensions from a median-lateral orientation in the neural plate
to an anterior-posterior distribution in the developed tail argues against a simple push
for elongational caused by the axial organs. It instead favours a model with a signicant
multifaceted role of the PSM.
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Figure 18: Cells from median, paramedian and lateral posterior neural plate
regions distribute dierently during the anterior turn
Small grafts of the median (A), paramedian (B) or lateral (C) posterior neural plate tissue were trans-
planted from a gfp expressing donor (stage 15) into a d/d host. Median posterior neural plate cells
became located more anteriorly than lateral cells. 3D reconstructions of whole-mount immunohistochem-
ically stained embryos were optically cleared and microscopically imaged. nt: neural tube; PZ: posterior
zone; PSM: presomitic mesoderm; som: somites; myo: myotome
The observed cellular relocations could be classied in two ways: Either median posterior
neural plate cells lead a stream of cells bilateral to the neural tube in a polonaise manner,
or median, paramedian and lateral posterior neural plate cells migrate anteriorly in a
parallel way. To create the pattern observed in gure 18, median to lateral cells would
need to migrate with a dierent speed or start with a regional, temporal delay. During a
parallel anterior migration of median, paramedian and lateral cells, GFP+ cells from the
lateral neural plate would keep a greater distance to the neural tube than median cells.
Distances of each cell to the neural tube and the tip of the tail were calculated in seg-
mented single GFP+ cells, to test these potential mechanisms (Fig. 19B). A sagittal and a
transversal plane were constructed as landmarks for measuring distances covered by cells
of dierent embryos. Distances of cells to the sagittal plane represented the mediolateral
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position of a particular cell. The distance of a cell to the transversal plane corresponded
to the distance a cell relocated anteriorly.
The sagittal plane was implemented through the length of the neural tube. Correspond-
ingly, the transversal plane was constructed as a plane positioned at the tip of the tail
orthogonal to the cross-section through the neural tube (Fig. 19B). The small tissue grafts
included only a small part of the tail mesodermal cells. For a full account of possible cel-
lular positions, GFP+ cells' localisations from the median to the lateral position in the
posterior neural plate were also plotted as control (Fig. 19C and D). The transversal
plane's cellular distances measurements conrmed the histological observations: median
cells relocate further anteriorly than lateral cells (Fig. 19C).
Interestingly, covered lateral cells at stage 30, the entire range of possible anterior locali-
sations. The histological observations already showed that lateral neural plate cells either
migrate anteriorly similar as paramedial cells (therefore termed lateral-ant. in g. 19) or
remain in the PZ (termed lateral-post. in g. 19). Thus, these two cases were analysed
separately, and indeed a signicant dierence between the distances in which these cells
relocated anteriorly could be veried. The more anterior located lateral cells covered
similar distances as paramedial posterior neural plate cells. The lateral cells remaining in
the PZ were signicantly dierent in their relocation behaviour than all other posterior
neural plate cells.
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Figure 19: Mediolateral and anterior-posterior locations of cells of a medial
to lateral posterior neural plate origin
A) Schematic summary of the mode of cellular rearrangements from the mediolateral oriented posterior
neural plate at stage 15 to an anterior-posterior order in the tail mesoderm at stage 30. B) Sketch
of the transversal and sagittal planes position in 3D and 2D with examplary segmented GFP+ cells.
C) Distances of transplanted GFP+ cells to the transversal plane correspond to their anterior-posterior
position to the tail tip: half np: lateral half of the posterior neural plate. D) Distances of transplanted
GFP+ cells to the sagittal plane correspond to their mediolateral position to the neural tube; 1 way
ANOVA: *** p<0.0001, ns: not signicant; stage 28/30: 277/513 (median), 325/506 (paramedian),
430/1270 (lateral), 1123/1003 (half post. neural plate) cells from 3-6 embryos were analysed; nt: neural
tube
The determination of cellular distances to the sagittal plane supported the idea of a cellular
relocation mechanism in which median neural plate cells conduct an anterior movement.
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At stage 28 and 30, median and lateral posterior neural plate cells were more distant to
the neural tube than paramedian cells (Fig. 19D). The embryo has a spindle-like shape and
becomes broader from the tail tip to the trunk. Therefore median posterior neural plate
cells can have a greater distance to the sagittal plane than paramedian cells. According
to this concept, lateral posterior neural plate cells would be the closest to the sagittal
plane, but contrary they are among the cells with the most lateral localisation. A reason
for that is that a part of the lateral cells remained at the tip of the tail, forming a bulge.
This bulge at the tip of the tail has a more comprehensive mediolateral extension than
the posterior PSM region. There, the tail has its most narrow region, and this is the area
where the paramedian cells were located.
Analysing the two lateral posterior neural plate subgroups separately, the more posterior
located lateral cells had a greater distance to the neural tube than the anterior lateral -
derived cells. The distances of both groups were signicantly dierent from those of
paramedian cells. The measured mean distances to the sagittal plane were in accordance
with the mean width and general tissue shape of the PSM. Although anterior lateral cells
were similarly anteriorly located as paramedian cells, they were located more medially.
That argues against a parallel anterior migration of median, paramedian and lateral pos-
terior neural plate cells. Separate streams of anteriorly migrating cells which keep their
mediolateral identity would mean that lateral cells keep a greater distance to the sagittal
plane than median-derived cells with paramedian cells in an intermediate position. The
measured distances did not show median cells close to the sagittal plane and lateral cells
being distant. Instead, the measurements paralleled the overall tail PSM dimensions.
Cells from the lateral posterior neural plate were located in the PZ and posterior PSM
compared to the median neural plate cells located in the anterior PSM. That supports
a model, in which median cells lead a stream of anteriorly migrating cells followed by
paramedian and lateral cells (Fig. 19A).
A broad variation between maximum and minimum distances was measured in each group.
At each anterior-posterior level, cells spanned the entire mediolateral range of mesodermal
extensions. That reveals a high rate of cellular mixing within a tissue region. In summary,
the posterior neural plate cells become distributed in the PSM in an ordered fashion with
median cells leading an anterior relocation on either side of the neural tube. Within the
tissue, cells exchange individual positions pointing to a high undirected cellular movement
behaviour.
58
4 RESULTS 4.2 Cellular behaviour inuences mesodermal morphology
4.2.3 Cellular characteristics
In the tail PSM, cellular groups changed their localisation and organisation. These cel-
lular movements might drive internal tissue rearrangements actively and modulate tissue
morphology. The direct and most objective method to identify cell migration would be
feasible via life-imaging. Unfortunately, this method is very challenging in the axolotl em-
bryo. Signicant diculties lie in the thick epidermis that is intensely pigmented and yolk
vesicles present in each cell. Both organelles inhibit any light penetrations. Therefore,
an indirect approach was chosen, and cell shape, orientation, distribution and formation
of lopodia at dierent locations were measured in the PSM. These cell characteristics
allow in sum a judgement about the type of cell migration. The basis for this analysis is
a lifeact-GFP transgenic axolotl line. In this line, GFP proteins are genetically linked to
actin bres which, visualise the cytoskeleton of the cell body, including its protrusions.
Labelled cells need to be separated and surrounded by unlabelled cells to identify individ-
ual cell contours. Otherwise, cell borders could not be distinguished from those of their
neighbours. Therefore, small tissue grafts (about 20 cells) of lifeact-GFP donors from
the median posterior neural plate were transplanted into d/d hosts (Fig. 20A). Median
posterior neural plate cells were used for transplantation because they migrate either left
or right to the neural tube, which leads to increased distribution of labelled cells within
unlabelled ones. Thus, individual labelled cells could be identied, and their behaviour
analysed. Embryos were optically cleared following the SeeDB optical tissue clearing pro-
tocol. This procedure mediated a lower tissue imaging depth in axolotl embryos than the
ethyl cinnamate based protocol used in the previous experiments. However, SeeDB tissue
clearing is compatible with the actin staining of the transgenic axolotl line. To avoid the
limitations of the imaging depth and to be able to image also median tissue regions, not
the whole embryo was used but 80 µm thick transversal vibratome tissue sections were
cleared and imaged.
Cell shape changes Lifeact-GFP cells were exclusively located in the PZ at stage 22.
Therefore, stage 22 embryos were used as models for PZ residing cells. By stage 28, the
transplanted cells were present in the posterior to medial PSM and at stage 30 in the
anterior PSM and somites. By choosing these embryonic stages (Fig 20A), specic locali-
sations of the labelled cells could be selected. The labelled actin bres were present at the
cell borders, inside the cells between the yolk particles and in lopodia (Fig. 20B). Lifeact-
GFP labelled cells showed a wide variety in their morphology. Round and elongated cells
were found in all mesodermal regions. Strictly elongated cells occurred exclusively in
somites and are typical for that structure.
59
4.2 Cellular behaviour inuences mesodermal morphology 4 RESULTS
Cells need to be imaged completely and converted into a 3D reconstruction to register
cell morphology in all dimensions to quantify the dierent cell shapes. Automatic seg-
mentation approaches by dierent image analysis programs failed to recognise single cells'
contours due to the intracellular actin bres. The software could not distinguish between
cell cortex and intracellular bres. Additionally, the variation in the actin bres' uo-
rescence intensity and the decrease of signal intensity on the cell's adverted side made
automated segmentation dicult. Therefore visually separable cells were manually seg-
mented in 3D, and these segments were used to mathematically representation the cell
shape. Thereby, s coecient of the long axis to the short axis represented cell elongation
(Fig. 20C). Most cells of the PZ, medial and anterior PSM had a coecient between 1.5
and 4, with a peak at about 2.5. The coecient of posterior PSM cells and somite cells
had a peak at 3, which points to a more elongated cell shape than that of cells in the
other areas. A second peak at around 7 was measured for cells in both regions, which
depicts quite elongated cells. Mean coecient values are also illustrated in gure 20C.
In summary, more elongated cells were found more frequently in the posterior PSM and
somites than in the other regions. That result was more surprising for the posterior PSM
than for somite cells which highly elongated shape was already conspicuous in microscopic
images. In the animals, the PZ's mesodermal cells became elongated when reaching the
posterior PSM and rounded up in the medial to anterior PSM (Fig. 21C). This result con-
rms an earlier scanning electron microscope nding according to which the anterior PSM
cells in axolotl embryos become round before they form somites (Youn and Malacinski,
1981).
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Figure 20: Developmental changes of cell shapes in the presomitic mesoderm
A) Experimental design: A small part of the medial posterior neural plate was transplanted from a
stage 15 lifeact-GFP+ donor to a d/d host. Labelled cells were found at stage 22, 28 and 30 in the
indicated regions. B) Examples of lifeact-GFP labelled cells within the mesodermal tissue at stages 22, 28
and 30; single plane of an optically cleared vibratome section. C) Cellular coecients of long axis/ short
axis to represent cell shape; D) Bar plot of the mean cellular coecient corresponding to the peaks in
C; 1 way ANOVA: *** p<0.0001; 71 (PZ), 38 (post. PSM), 38 (med. PSM), 55 (ant. PSM) and 112
(somites) cells from 3-4 embryos were analysed
Change of cell orientation Cell orientation indicates the direction of cell migration
but can also inuence the shape of a tissue. For quantication of cell orientation, an
ellipsoid was mathematically tted into the previously segmented cells. The vertices of
the ellipsoids were used to mark the front and the end of cells. A vector between these
two points describes the cell and its orientation. Cell orientation was determined by
calculating the intersection angle between the vector and the coordinate system planes
(see Fig. 4 on page 24 and section 3.5.5 on page 27 for method discription).
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Figure 21: Dierent orientation of mesodermal cells
A) Experimental design: A small part of the medial posterior neural plate was transplanted from a
stage 15 lifeact-GFP+ donor to a d/d host. Labelled cells were found at stages 22, 28 and 30 in the
indicated locations; B) Pie charts of the calculated cellular orientations; according to the χ2 statistical
test cell orientations were signicantly non-randomly distributed (p < 0.0001); C) Schematic summary
of results on cell shape and orientation in dierent parts of the tail mesoderm; 71 (PZ), 38 (post. PSM),
38 (med. PSM), 55 (ant. PSM) and 112 (somites) cells from 3-4 embryos were analysed
In the PZ, ≈50% of labelled cells had a mediolateral orientation. The percentage of this
type of orientation gradually decreased in more anterior regions (Fig. 21B). In contrast,
the amount of anterior-posteriorly oriented cells increased from the PZ to the medial
PSM. In the anterior PSM, cells were oriented randomly, with about 30% of cells per
group. Somite cells oriented either dorso-ventrally or anterior-posteriorly. In histological
images, somite cells appeared indeed, preferentially dorso-ventrally or anterior-posteriorly
oriented (Fig. 20 and Taniguchi et al., 2017). In all areas, 5-20% of cells did not full the
orientation criteria and were therefore termed undetermined.
In summary, the labelled cells in the PZ were initially mainly oval and showed a medio-
lateral orientation. By shifting into PSM regions, more cells reoriented into an anterior-
posterior direction, with a maximum percentage of anterior-posterior oriented cells in the
medial PSM. In the anterior PSM, cells became round and randomly oriented before they
participated in somite formation. In somites, cells were strictly elongated and predom-
inantly dorso-ventrally and anterior-posteriorly oriented (Fig. 21C). These shapes and
orientations could easily be explained by active cell migration in anterior directions into
the PSM.
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Orientation of lopodia Results about cellular relocations, cell shape and orientation
of PSM cells allow the conclusion that migration occurs primarily in an anterior direction,
possibly as a continuation of the anterior turn movement. The PSM is a loose tissue with
short and frequent cellular contacts. This characteristic supports cellular movements
in dierent directions. Many of the lifeact-GFP+ cells in the PSM showed numerous
lopodia (Fig. 20B). Filopodia are linked to cell migration and can be visualised by their
actin bres (Mattila and Lappalainen, 2008). Thus, with characterising the orientation
of lopodia, the direction of mesodermal cell migration in the developing axolotl could be
assessed.
At least 40% of cells had one or more lopodia (Fig. 22B). In the majority, cells had one
to three lopodia, and even ve or more lopodia were observed. The length of lopodia
ranged from 1 µm to 39 µm (Fig. 22C). From the PZ to the medial PSM, lopodia had
on average a length of 6 µm, which decreased to 4 µm in the anterior PSM and somites.
Filopodia became in mean shorter when the cells were about to form somites.
63
4.2 Cellular behaviour inuences mesodermal morphology 4 RESULTS
Figure 22: Length and orientation of lopodia
A) Experimental design: A small part of the median posterior neural plate was transplanted from a
stage 15 lifeact-GFP+ donor to a d/d host. Labelled cells were found at stages 22, 28 and 30 in the
indicated locations; B) Number of lopodia per cell; 71 (PZ), 38 (post. PSM), 38 (med. PSM), 55
(ant. PSM) and 112 (somites) cells were analysed; C) Length of lopodia; 1 way ANOVA: * p<0.05,
** p<0.001, *** p<0.0001, not indicated relations were not signicantly dierent; 97 (PZ), 51 (post.
PSM), 62 (med. PSM), 247 (ant. PSM) and 116 (somites) lopodia were analysed; D) Orientation
of all lopodia; E) Orientation of lopodia ltered for a shared orientation with their cell. C-D) 108
(PZ), 65 (post. PSM), 111 (med. PSM), 148 (ant. PSM) and 128 (somites) lopodia from 3-4 embryos
were analysed; E) 41 (PZ), 28 (post. PSM), 36 (med. PSM), 41 (ant. PSM) and 42 (somites) lopodia
from 3-4 embryos were analysed; D, E) The χ2 statistical test argued signicantly for a non-random
distribution of lopodia orientation (p < 0.0001)
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The orientation of lopodia was determined similarly as cell orientation. A vector-based
orientation was calculated with the coordinates of the lopodia's root and tip. In the PZ,
lopodia were randomly oriented. About 30% of lopodia were either dorso-ventrally,
anterior-posteriorly or mediolaterally directed (Fig. 22D). In the posterior and medial
PSM, this distribution slightly changed in favour of anterior-posterior or mediolateral ori-
entations. That ts roughly to the observed cell orientations shown in gure 21B. In the
anterior PSM and somites, lopodia were predominantly dorso-ventrally and mediolater-
ally directed.
For assessing the direction of cell migration, lopodia at the lead edge of a cell are of
interest. These are the lopodia which have the same orientation as their cell. Therefore,
those lopodia were ltered which have for the same direction as their cells. Indirectly, this
approach highlights the orientation of cells which likely migrate, judged by the abundance
of leading lopodia. The same tendencies were observed between the orientation of cell-
lopodia and cell orientation alone (Fig. 22E). In the PZ, lopodia which had the same
orientation as their cells, were mainly mediolaterally oriented. In the posterior PSM,
lopodia were either anterior-posteriorly or mediolaterally oriented. That changed to an
anterior-posterior orientation in the medial PSM. In the anterior PSM, lopodia were
oriented mainly in a mediolateral direction, and lopodia of somite cells, couples were
preferentially dorso-ventrally oriented.
Comparing cell orientations to the general orientations of lopodia and matched cell-
lopodia pairs' orientations showed mostly similar prefered directions. The cell orienta-
tions inuenced the cell-lopodia ltered dataset because all lopodia which did not match
the cell orientation were removed from the dataset. Thus, by ltering for matching ori-
entations, an enrichment of data from migrating cells was generated. The ltered dataset
showed the same preferences in orientation as the determination of cell orientation alone.
According to the lopodia directions, cellular movements were likely to go into the PZ's
mediolateral direction, which gradually changed to an anterior-posterior direction in the
PSM. Filopodia and cells were predominantly mediolaterally or dorso-ventrally oriented
in the anterior PSM before somites were establishing and in somites themselves.
In chicken and zebrash, cells were reported to become more densely packed in the anterior
PSM (Bénazéraf et al., 2010). Possibly, the decrease in mean lopodia length from 6 µm
to 4 µm in the anterior PSM and somite cells reected an increase in cellular density.
Thus, when cells were packed more closely, lopodia could be shorter to maintain cellular
contacts.
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Cell distribution With the transplantation of small groups of labelled mesodermal
cells, the distribution of these cells within an otherwise unlabeled tissue could be fol-
lowed. At the time of transplantation at stage 15, labelled cells formed a continuous
consecutive group. A directed cell migration would mainly maintain the group's integrity
to some degree, whereas a diversely directed or undirected cell migration would lead to
cell spreading and increase the distances between them. Thus, cell distribution can be
measured as the distance between individual labelled cells and another parameter to de-
termine cell relocations. The previous dataset of single lifact-GFP+ cells was also used to
analyse cell distribution to calculate cellular distances between labelled cells (Fig. 23A).
Now, the central mathematical point of the ellipsoid was designated as the centre of the
cell. The distances of the centre points of all labelled cells per microscopic image were
used to portray the closeness of all labelled cells per region (see section 3.5.3 on page 25
for method discription).
At stage 22, when transplanted cells were located in the PZ, distances to each other were
low (Fig. 23B). That changed in the posterior and medial PSM (Fig. 23C and D). Labelled
cells showed a gradual increase in cellular distances. Longer distances were measured in
the posterior PSM, and a nearly equal amount of long and short cell distances were
measured in the medial PSM. According to the increase of greater distances between two
cells, the cells were distributed over the whole tissue in the embryo's medial PSM area.
However, cell distances were lower in the anterior PSM and somites than the PZ (Fig. 23E
and F). For a direct comparison, all measured distances were additionally plotted as a box
plot diagram containing median values (Fig. 23G). Measurements of distances between
mesodermal cells in axolotl embryos representing cell distribution supported a loose PSM
model with highly motile cells and an extensive cell mixing in the medial PSM. The few
labelled cells became closely associated in the anterior PSM and somites, although they
were relatively apart in the medial PSM.
Based on these calculations, a model of axolotl PSM formation can be proposed: Medi-
olaterally oriented cells of the PZ were pushed or migrated anteriorly in a loose tissue
environment that allowed large cellular distances. Now within the medial PSM region,
these cells became motile and frequently changed their position. In the anterior PSM
region, the cells became round, densely packed and showed no prefered orientation. Cell
mixing might be explained by random undirected cell migration, as observed in chicken
embryos (Bénazéraf et al., 2010). Contrary to that model are the elongated cell shapes
with preferred anterior-posterior orientations in the axolotl medial PSM. The randomly
migrating cells would be expected to exhibit random cell shapes and orientations. These
ndings could be explained by the assumption that lateral forces might constrain the cells
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(Mongera et al., 2018). Assuming that for axolotl embryos, cell and lopodia orientation
results would be misleading, and cells instead show a random migration than a directed
migration.
Figure 23: Cell distribution of mesodermal cells
A) Experimental design: A small portion of the medial posterior neural plate was transplanted from
a stage 15 lifeact-GFP+ donor to a d/d host. Labelled cells were found in the indicated locations at
stages 22, 28 and 30. B-F): Distances between any particular two lifeact-GFP labelled cells on a tissue
section were determined and plotted as a histogram as a measurement for cell distribution; G) All
measured distances from B-F were plotted in a box plot, showing the 5-95 percentile and median values,
1 way ANOVA: ** p<0.001, *** p<0.0001, 246 (PZ), 92 (post. PSM), 437 (med. PSM), 150 (ant. PSM)
and 446 (somites) distances between two labelled cells from 3-4 embryos were analysed
4.3 The epidermis fascilitates mesodermal tissue integrity
The current posterior tail elongation model predicts a mechanical feedback loop between
compression and expansion (Xiong et al., 2020). Anteriorly migrating left and right PSM
cells compress the neural tube and notochord on either side. This pressure induces an
expansion of these axial organs in a posterior direction, thereby pushing mesodermal cells
from the PZ into the PSM. This model only works if PSM cells were limited in their
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lateral migration. Without that the PSM cell mass can generate no anterior-posteriorly
directed pressure. The neural tube and notochord are a medial barrier for the PSM. In
zebrash embryos, the PSM is medially linked to the neural tube via FN bres which
were of signicant importance for tail elongation (Xiong et al., 2020). A lateral barrier
would also be essential to constrain random migration of the medial PSM. However, so
far, no lateral limitations for the PSM were proven or discussed in the literature.
4.3.1 Mesodermal tissue integrity
In the axolotl embryo, the observed cell mixing and the increase in cell distribution in
the PSM indicated a random behaviour of cell migration which was channelled in a way
resulting in an anterior direction of migration. That would only be possible if in addition
to medial constraints by the neural tube and notochord a border exists, limiting lateral
cell migration. Tissue sections through axolotl embryos were carefully screened to nd
cues for a histological border limiting PSM expansion. However, no such structure was
found (Fig. 24). GFP labelled PSM cells were observed to remain within their tissue
borders, although that showed a loose mesenchymal appearance. Like other animals, the
PSM occurrence in axolotl embryos was restricted to a dorsomedial region by the neural
tube and notochord. Dorsolaterally, the PSM was bordered by the epidermis. A specic
cell layer at the PSM margins as proposed was not observed at the stages 22 to 30.
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Figure 24: Histological visualisation of PSM tissue borders
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Figure 24: Histological visualisation of PSM tissue borders
A) Experimental design: The posterior neural plate was transplanted from a stage 15 GFP+ donor
to a d/d host. Transversal and frontal sections through the region containing the transplant. B-E)
Immunohistochemical stainings against GFP and with Phalloidin were performed on tissue sections at
stages 22, 28 and 30 to visualise PSM tissue borders; epi: epidermis, endo: endoderm, nt: neural tube,
noto: notochord, PZ: posterior zone, PSM: presomitic mesoderm
4.3.2 Malformed tails after epidermis removal
The axolotl PSM did not show any specic cells at the lateral border that could be
histologically identied. Therefore, it seems that the lateral expansion of the PSM is
limited otherwise. The epidermis could full such a task. To investigate that the epidermis
was gently peeled o from the entire tail bud posterior of the last-formed somite in stage 22
embryos (Fig. 25A). That left the tail and more anterior trunk PSM devoid of an epidermal
cover. A direct and indirect eect of the epidermis on the underlying PSM was studied
by removing the epidermis on either side of the tail. Only the PSM of the left side was
labelled by transplantation of the left half of the posterior neural plate and analysed later.
The removal of the epidermis from the left side was designed to test a direct eect on the
PSM, and the epidermal removal from the right side induced a possible indirect eect on
the contralateral PSM. A removal from both sides was additionally performed to test for
a combined eect.
The majority of epidermis-deprived embryos showed a malformed tail at stage 30 (Tab. 12).
After epidermis-removal from the left side in 7 of 16 cases, the developing tail bent to
the left side but was otherwise morphologically normal (Tab. 12 and Fig. 25B). Following
epidermis- removal on the right side, only in 2 out of 10 cases the tail was bent laterally
with otherwise normal phenotypes. Lateral bending always occurred toward the side of
the epidermis removal. A more severe phenotype with a misshaped, dorsally lifted or
laterally bent tail was observed in some embryos after removing the epidermis from the
left side, right side and after total epidermis removal from the tail. A misshaped tail
was often accompanied by an exposed posterior endodermal area or a prospective cloaca
region that had shifted dorsolaterally (Fig. 25B). At extreme cases, the tail was missing
entirely. That occurred most frequently after epidermis removal from both sides of the
tail. The phenotypes' occurrence varied depending on left or right side removal of the
epidermis and were most severe when the epidermis was peeled o from the entire tail.
The reason for that must be one-sided wounds after transplanting the left half of the
posterior neural plate.
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control 4 (80%) 0 0 1 (20%) 5
left 2 (12.5%) 7 (43.8%) 4 (25%) 3 (18.8%) 16
right 2 (20%) 2 (20%) 4 (40%) 2 (20%) 10
left-right 1 (10%) 2 (20%) 3 (30%) 4 (40%) 10
Three dierent ways of measuring embryonic tail morphology were employed to display
the main features (Fig. 25A and B). The direct length of the embryonic tail was measured
from the most posterior end to an imaginary transversal line through the cloaca parallel to
the dorsal aspect of the tail (Fig. 25A). This transversal line was orthogonal to a ventral
line running through the ventral neck groove and a groove at the trunk-tail transition
zone. Measured lengths varied between individual embryos and ranged between 500 µm
and 1100 µm in controls and 100 µm and 1000 µm in operated embryos (Fig. 25C). In
mean, embryos whose epidermis was removed on one side tended to have shorter tails
than controls. Embryos whose epidermis was removed from both sides had signicantly
shorter tails than untreated intact embryos. A normally developed embryo at stage 30
had a tail that was directed downwards. Misshaped short tails were mainly observed to
have an enlarged ventral bulb that bent the tail dorsally.
For quantifying the observed dorso-ventral tail bending the angle between the imaginary
transversal line and the dorsal tail lining was measured (Fig. 25D). An angle of 90° means
that the tail was straight horizontal. Angles measured in the control group were in mean
48°. After removing the epidermis from the left side, several embryos had horizontally
directed tails, but in mean, this group had a comparable angel of about 50° of dorso-ventral
tail orientation. For quantication of lateral tail bending, both lateral sides' lengths were
compared (Fig. 25E). In a straight tail, both sides had a similar length, and no dierence
was calculated. When the tail was bent to the left side, the dierence was negative or
positive when bent to the right side. Embryos developed a strong lateral bending of the
tail to the left side when the epidermis was removed left, and to the right side, when it
was removed from the right side.
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Figure 25: Inuence of removal of tail epidermis on tail morphology
A) Experimental design: The left half of the posterior neural plate was transplanted from a stage 15
GFP+ donor to a d/d host. At stage 22, the epidermis was removed from the last somite to the tail tip
of the left, right or both sides of the host embryo (dark grey). Extension of the tail was measured as the
length and angle of dorso-ventral bending. The dashed horizontal line describes a longitudinal plane and
the orthogonally placed vertical line a transversal plane through the embryo. B) Examples of stage 30
embryos with the intact epidermis (control) after removing the tail epidermis from the left, right or left
and right side. C) Tail length from a transversal line through the cloaca to the tail tip, parallel to the
back lining. The values correspond to the posterior extension of the tail; D) Angle between the back
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lining and a transversal line through the cloaca. Values correspond to the dorso-ventral bending of the
tail; E) Dierence between the length of the left lateral side to the right lateral side from the gill bud
to the tail tip. Values correspond to a lateral bending of the tail; 1 way ANOVA: * p<0.05, 5 control
embryos, 16 embryos with removed epidermis from the left side (16), right side (9), left and right side (9)
were analysed
4.3.3 Alteration in mesodermal tissue dimensions
The removal of the epidermis changed the tail morphology. Whether the PSM was in-
uenced similarly was also studied after transplanting GFP+ left posterior neural plate
cells into unlabeled hosts and measuring PSM tissue dimensions (Fig. 26A). 3D recon-
struction of the tail mesoderm showed a left or right-sided bending of the neural tube and
PSM. Partly, the GFP+ tissue was more ventrally expanded (* in Fig. 26B) or posteri-
orly shortened (#). Measurements of height and width between controls and operated
embryos diered occasionally but not signicantly (Fig. 26C and E). The length of the
mesoderm was in mean similar in all groups, although the PSM appeared shorter in some
embryos (Fig. 26D). The medial PSM was more expansive after removing the epidermis
from both sides than in all other groups (Fig. 26E). The volumes of the GFP+ tissue
were not signicantly dierent from controls (Fig. 26F). However, some embryos showed
a higher GFP+ tissue volume after removing the epidermis from the left side and both
sides. After removing the epidermis from the right or both sides, several embryos had
a smaller mesodermal tissue volume than the untreated controls. These were those em-
bryos that had a severely misshaped or missing tail. Removal of the epidermis resulted
in a slight increase in the posterior mesodermal height and increased width in the medial
PSM. Height and width of the last formed somite were not aected, as well as the length
of the GFP marked tissue.
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Figure 26: Dimensions of the posterior mesoderm after epidermis removal
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Figure 26: Dimensions of the posterior mesoderm after epidermis removal
A) Experimental design: The left half of the posterior neural plate was transplanted from a stage 15
GFP+ donor to a d/d host. At stage 22, the epidermis was removed from the last somite to the tail
tip of the left, right or both sides of the embryo (dark grey). The analysis was performed at stage 30.
B) 3D reconstructions of whole-mount immunohistochemically stained embryos against GFP and SOX2
after epidermis removal, optical tissue clearing and microscopically imaging. C) Height (dorso-ventral
extension) of the GFP+ tissue. D) Length (anterior-posterior extension) of the GFP+ tissue. E) Width
(mediolateral extension) of the GFP+ tissue. F) GFP+ tissue volume; no signicances were calculated
with 1 way ANOVA test; 5 (control), 8 (epidermis removed from the left side), 8 (epidermis removed from
the right side) and 9 (epidermis removed from the left-right side) embryos were analysed; PZ: posterior
zone, nt: neural tube
Shortening of the PSM was observed in some embryos, mostly after epidermis removal
from the right or both sides (*, # in Fig. 26B). This observation was not supported by
measurements of the mean lengths of the GFP+ tissues. Possibly, the tissue changes
concerned the PSM more specically than somites. Therefore, the PSM lengths and the
somitic mesoderm were separately measured (Fig. 27B and C). It appeared indeed that
the length of the PSM was occasionally slightly shorter after epidermis removal from the
right and both sides. The somitic mesoderm length, measured from the posterior border
of the last somite to the most anterior GFP+ labelled somite, was occasionally on average
longer after epidermis removal. Hight variations in the phenotype were also observed
here. Therefore, the individual length of the three latest formed somites was measured as
a more clearly dened area. In most embryos also mostly these three somites were mainly
composed of GFP labelled cells (Fig. 27D and E). The somites' length was in mean not
signicantly longer in the epidermis deprived embryos than in controls, but the general
trend of the longer somitic mesoderm was conrmed. Generally, a higher length of GFP
labelled somitic mesoderm corresponded to the number of observed somite pairs in all
groups (Fig. 27F). That showed that the somitic mesoderm length corresponds to the
number of somites and remains unaected by epidermal removal. In summary, epidermal
deprived embryos may develop a shorter PSM but anterior-posterior expanded somites.
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Figure 27: Somite length after epidermis removal
A) Experimental design: The left half of the posterior neural plate was transplanted from a stage 15
GFP+ donor to a d/d host. At stage 22, the epidermis was removed from the last somite to the tail tip
of the left, right or both sides of the embryo (dark grey). The analysis was performed at stage 30. B)
Length of the PSM. C) Length of the GFP+ somitic mesoderm. D) Length of the three last formed
somites. E) Number of somite pairs. F) Length of the GFP+ somitic mesoderm plotted against the
number of somite pairs per embryo; no signicances were calculated with 1 way ANOVA test; 5 (control),
8 (epidermis removed from the left side ), 8 (epidermis removed from the right side) and 9 (epidermis
removed from the left-right side) embryos were analysed
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4.3.4 Alteration of cell density after epidermis removal
Measuring the height and width of the PSM indicated that it could expand dorsally and
laterally without an epidermis. Also in some embryos was an increase in PSM volume
measured. A change in the tissue dimensions might be associated with a change in cellular
distributions and density. A decrease in cell density would support the hypothesis that the
epidermis serves as a barrier to limit cell migration in the lateral direction. The cellular
density was measured as the distance of a cell to the ve closest neighbours to prove that
idea. For a morphologically relevant comparison, cells were grouped according to their
location within the tail and distances to the closest neighbours were only calculated for
cells within a group (see section 3.5.4 on page 26 for detailed method discription)
Cells within the PZ were signicantly more distant after removing the epidermis from
the left side and both sides than controls and epidermis removals from the right side
(Fig. 79B). Similarly, in the posterior PSM, cells were more distant after the left side and
both side epidermis removals (Fig. 28C). No signicant dierences in cellular distances
were observed in the anterior PSM (Fig. 28D). The medial PSM was not included in the
analysis because several embryos showed a shortened or bent PSM, making it challenging
to group cells into three dierent PSM regions of comparable size. The increase in cellular
distances reected a lower cellular density in the PZ and posterior PSM of embryos after
epidermis removal on the left and both sides. With a lower cellular density, the tendency
to form a greater height, width and volume may be explained. The higher cell density
in the PSM after removing the epidermis of the right side might result from the lateral
bending of the tail to the right side. Analysed cells were located on the left side of
the embryo, which may be squeezed by its intact epidermal cover to facilitate the tail's
curving to the contralateral side. Conversely, after removing the epidermis on the left
side, a decrease of cell density was observed directly over the analysed cells. Together
with the previously observed cell mixing in the PSM and the increase in tissue width
after epidermis removal, this result may propose a random cell movement model in the
posterior to medial PSM. The unchanged cellular density in the anterior PSM indicates
that somite formation seems to be relatively unaected by removing the epidermis, and
in all four experimental groups, somites were formed in similar numbers.
Cells of the last formed somite in normally developed embryos had a lower distance to their
neighbours than after epidermis removal (Fig. 28E). More distant cells either generated
longer somites or were the result of the more elongate somite morphology. In the S2
somite, only cells from embryos with epidermis removed from both sides were on average
signicantly more distant from each other than in controls. In the S3 somite, the distances
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between cells were greater after epidermis removal on the left and both sides (Fig. 28F
and G). The somite height and width measurements were very similar in all groups; only
the length of somite tended to become longer after epidermis removal. A lower cellular
density might cause that. The changes in the cellular density of the PSM showed that
it did not form a coherent tissue sheet. It must probably receive a restriction laterally
by the epidermis. After the epidermis was removed, cells in the PZ could migrate more
dorsally and in the medial PSM more laterally, which resulted in a lower cellular density.
In intact embryos, random cell migration may result in cell mixing. When the epidermis'
lateral restrictions are missing, cells can move further laterally, resulting in a lower cell
density, broader and shorter PSM tissue dimensions. Somite formation itself was not
impaired, but somites might expand posteriorly, probably because the PSM could not
resist the somites' pressure anymore after epidermal removal.
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Figure 28: Distances of closest neighbours among mesodermal cells after epi-
dermis removal
A) Experimental design: The left half of the posterior neural plate was transplanted from a stage 15
GFP+ donor to a d/d host.. At stage 22, the epidermis was removed from the last somite to the tail tip
of the left, right or from both sides of the embryo (dark grey). Analysis of cell distances was performed
at stage 30. B-G) Distances to the ve closest neighbours of each cell per region were calculated as a
measure for cellular density; 1 way ANOVA: * p<0.005, *** p<0.0001; Analyzed cell per region: PZ:
233 (control), 124 (left side), 272 (right side) and 118 (left-right side), post. PSM: 200 (control), 200
(left side), 249 (right side) and 137 (left-right side), ant. PSM: 65 (control), 51 (left side), 70 (right side)
and 22 (left-right side), S1: 65 (control), 63 (left side), 65 (right side) and 38 (left-right side), S2: 71
(control), 64 (left side), 59 (right side) and 20 (left-right side), S3: 53 (control), 53 (left side), 28 (right
side) and 22 (left-right side) cells were analysed with 5 distances per cell from 4 (control), 6 (left side), 6
(right side) and 5 (left-right side) animals
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4.3.5 Rescue of tail formation
Presumably, the epidermis serves as a mechanical barrier and constrains the PSM. In the
axolotl embryo, the epidermis consists of two cell layers, the inner one of which produces
an FN-rich subepidermal extracellular matrix (Epperlein et al., 1988). A replacement of
the removed epidermis in time might rescue correct tail formation (Fig. 29A and 30A).
That was tested by replacing it with a thin nitrocellulose membrane (11 µm) that covered
the PSM and stuck to it with its adhesive side or covered the PSM only loosely with its
smooth side.
At stage 30, all embryos covered with a membrane showed either a misshaped or missing
tail phenotype and exhibited shorter tails and an open posterior end of the endoderm
(Tab. 13 and Fig. 29). On average, embryos covered with either side of the membrane
had a non-signicant shorter tail length, straighter and slightly more laterally bent tails
than controls (Fig. 29C, D and E). The gentle covering of the PSM with the membrane
could not rescue the tail phenotype.





adhesive side 0 0 3 2 5
smooth side 0 0 4 1 5
80
4 RESULTS 4.3 The epidermis fascilitates mesodermal tissue integrity
Figure 29: Membrane cover after epidermis removal
A) Experimental design: At stage 22, the epidermis was removed from the last somites to the tail tip of
the left, right or from both sides of the embryo (dark grey). The wound was covered with a nitrocellulose
membrane (11 µm thick) with either their adhesive or smooth side facing the PSM. Extension of the tail
was measured as the length and angle of dorso-ventral bending. The dashed horizontal line describes a
longitudinal plane and the orthogonally placed vertical line a transversal plane through the embryo. B)
Macroscopic image of operated embryos at stage 30. C) Tail length from a transversal line through the
cloaca to the tail tip, parallel to the back lining. Values correspond to the posterior extension of the tail.
D) Angle between the back lining and a transversal line through the cloaca. Values correspond to the
dorso-ventral bending of the tail. E) Dierence between the left lateral side's length to the right lateral
side from the gill bulge to the tail tip. Values correspond to a lateral bending of the tail; no signicances
were calculated with 1 way ANOVA test; 5 embryos were analysed per group
A replacement of the epidermis with a membrane was not sucient to rescue the tail
phenotype. Therefore epidermis-deprived embryos were placed in 3% methylcellulose or
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1% agarose to generate a lateral mechanical pressure (Fig. 30A). Methylcellulose and
agarose are not toxic and were previously used for ex vivo cultivations of zebrash tails
or embryonic life-imaging (Keller, 2013; Manning and Kimelman, 2015). Intact control
axolotl embryos embedded in methylcellulose developed normally and were able to elon-
gate correctly. Accordingly, methylcellulose formed a soft gel which exerts less pressure
on the embryo, than which the embryo elicits during posterior elongation.
In contrast, the agarose was more rigid and generated a higher pressure than the force
which embryos produced during elongation. In a test, axolotl embryos embedded in
agarose developed normally but could not elongate appropriately because of the sur-
rounding agarose constraints. Therefore, to allow posterior elongation, small windows
were cut into the solid agarose at the embryo's anterior and posterior ends. In this way,
the embryos could extend in both directions, but the agarose's circumferential pressure
remained. Additionally, FN was added to the methylcellulose or the agarose to mimic an
extracellular matrix inuence.
All control embryos showed a healthy tail development, but their tails' lengths varied
after embedding into methylcellulose or agarose (Tab. 14 and Fig. 30B). Tails of operated
embryos were preponderantly either laterally bent or shorter with extended posterior
endoderm. No utterly misshaped or missing tails were observed. In general, all embedded
embryos had a healthier tail morphology than those observed before having the membrane
cover or no further treatment. Rescue of the phenotype was achieved when embryonic
embedding into agarose was supplemented with FN. Two of three embryos were normally
developed, and a third one only showed a shorter and laterally bent tail but no further
misshaping.
Table 14: Phenotype of embedded embryos after epidermis removal
The epidermis was removed from the left side of the tail at stage 22. Embryos were subsequently
embedded into 3% methylcellulose or 1% agarose supplemented with bronectin (FN).
Control/ treated embryos
normal laterally bended curved missing total
Methylcellulose 3/0 0/0 0/3 0/0 3/3
Methylcellulose/FN 3/0 0/2 0/1 0/0 3/3
Agarose 3/0 0/1 0/2 0/0 3/3
Agarose/FN 2/2 1/0 0/1 0/0 3/3
Epidermis-deprived embryos embedded in methylcellulose were tendentially but not signif-
icantly shorter in lengths than the corresponding controls (Fig. 30C). Embryos embedded
82
4 RESULTS 4.3 The epidermis fascilitates mesodermal tissue integrity
in agarose had signicantly shorter tails than their siblings embedded in agarose sup-
plemented with FN which was similar to controls. A dorsal tail bending was neither
observed nor measured in any experimental group (Fig. 30D). Measured angles of dorsal
tail bending were comparable among operated and embedded control embryos. Lateral
tail bending to the left side was observed in all epidermis- removed embryos, except for
embryos embedded in agarose supplemented with FN (Fig. 30E). Two embryos of the
control group and two embryos with removed epidermis embedded into agarose contain-
ing FN showed normal development and no lateral bending, except for one in each group.
Overall, embryos embedded in agarose with FN were morphologically similar to untreated
controls, unlike the embryos embedded in mere agarose. Thus, FN seems to be as neces-
sary for PSM formation as the lateral constrictions by agarose. These rescue experiments
suggest that the epidermis acts as a mechanical barrier that aects the PSM's cohesive-
ness and restricts its dorsal and lateral expansions. Thereby, it promotes the anterior net
movement of the randomly migrating cells, which results in a posterior elongation of the
embryo.
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Figure 30: Embedding of epidermis-deprived embryos into dierent media
A) Experimental design: At stage 22, the epidermis was removed from the last somite to the tail tip of
the left, right or from both sides of the embryo (dark grey). Control and treated embryos were embedded
in 3% methylcellulose (MC) or 1% agarose (A), partly supplemented with FN. Extension of the tail
was measured as the length and angle of dorso-ventral bending. The dashed horizontal line describes a
longitudinal plane and the orthogonally placed vertical line a transversal plane through the embryo. B)
Macroscopic image of operated embryos at stage 30. C) Tail length from a transversal line through the
cloaca to the tail tip, parallel to the back lining. Values correspond to the posterior extension of the tail.
D) Angle between the back lining and a transversal line through the cloaca. Values correspond to the
dorso-ventral bending of the tail. E) Dierence between the left lateral side's length to the right lateral
side from the gill bud to the tail tip. Values correspond to a lateral bending of the tail; 1 way ANOVA:




Morphogenesis is a fundamental event in developmental biology (Gilbert, 2010). How
cells organise themselves into functional structures is still a pending question. The coor-
dination of cell growth and cell migration may initiate tissue formation and functionality.
This study shows that the axolotl tail PSM undergoes a dynamic change from a dense
tissue agglomeration in the posterior neural plate to a bilateral PSM cord and specialised
somite structures. The importance of the posterior neural plate for the tail formation was
illustrated in the axolotl and the entire tail is missing after ablation of the posterior neural
plate (Taniguchi et al., 2017). Similarly, mice with a deletion in the mesoderm specic
genes bra or cdx did not only show aberrant PSM formation but were fully truncated
(Herrmann et al., 1990; Young et al., 2009). And also in chicken, laser ablation in the
posterior PSM led to an impaired tail formation (Bénazéraf et al., 2010). Nevertheless,
surgical ablation of the neural tube or notochord did not interfere with the length or
morphology of the embryonic body (Rong et al., 1992).
These experiments emphasise the importance of an integrative tail PSM not only as a
cellular source for somites but also as a driver of body extension. The amount of tail
mesoderm determines the number of tail somites and therefore the length of the tail. A
change in the regulation of PSM formation may have altered tail length during evolution or
have led to the rare case of rudimentary human tails (Bar-Maor et al., 1980). Although
the morphological changes exerted by the PSM support these contradictory functions,
they are still somewhat elusive.
5.1 Cell migration of the presomitic mesodermal cells
5.1.1 Continuity of gastrulation movements
In the axolotl, only the most posterior cells form the posterior extension of the body
and participate in the tail formation. That was proven by labelling dierent tissues of
the embryo with DiI. The PSM elongates posteriorly while its cells relocate anteriorly,
a process initiated by the anterior turn. The anterior turn can therefore be understood
as a posterior push of all presumptive posterior tail tissues. Possibly, some kind of cell
migration generates this relocation. Cell migration plays already a fundamental role
earlier during gastrulation in the axolotl (Shook et al., 2002). Contrary in Xenopus,
migration is unnecessary, and convergence and extensions seem to be more critical for
major gastrulation movements (Lundmark, 1986). Therefore, the migration behaviour
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of the posterior neural plate cells might be regarded as a continuation of gastrulation
without contributing to classical gastrulation movements.
Cells of the neural plate, including the posterior neural plate, do not involute over the
blastopore and stay on the surface of the embryo, regardless of their neuroectodermal- or
mesodermal fate. That is surprising as the model of germ layer segregation predicts that
mesodermal cells become induced during gastrulation. Similarly to what occurs in the
axolotl, a tail forming mesodermal subpopulation remains present also in the CLE, poste-
riormost area of the chicken germinal disc, after completion of PS regression (Guillot et al.,
2020). Therefore, the posterior neural plate in axolotl and the CLE in mice and chicken
can be termed as non-gastrulated mesoderm, in contrast to the gastrulated mesoderm:
the axial mesoderm of the trunk, intermediate mesoderm and LPM. Consistently, bra is
expressed in mesodermally fated cells in the posterior neural plate and caudal CLE in
both axolotl and mouse embryos, respectively (Cambray and Wilson, 2007; Wymeersch
et al., 2016; Taniguchi et al., 2017). Interestingly, in the regenerating axolotl tail, radial
glial cells of the spinal cord contribute to neuronal cells, as well as to muscle and cartilage,
indicating a remaining cellular plasticity (Echeverri and Tanaka, 2002).
5.1.2 Directed migration
During tail formation, the posterior neural plate tissue extended anteriorly forming the
bilateral PSM (summarised in Fig. 31A). In the PSM, cells were in the majority anterior-
posteriorly oriented, rejecting the idea of a mediolateral intercalation movement with
which the tissue could be elongated. As lopodia are commonly observed at the leading
edge of migrating cells (Mattila and Lappalainen, 2008), the orientation of lopodia was
determined to test whether cells migrate in a directed way. The observed orientation
of lopodia support a model of directed cell migration. Filopodia were oriented in all
directions, but in the PZ to posterior PSM predominantly mediolaterally and in the
medial PSM anterior-posteriorly This result reected the general orientations of cells.
Focussing on the lopodia which share their orientation with their cells helped to identify
cells which likely migrated. In the cells, also mediolateral and anterior-posterior directions
were as also more frequent in PZ to medial PSM areas. Concluding from these results, one
can assume a directed cell migration in a mediolateral direction in the PZ and anteriorly
in the PSM.
In the axolotl, the posteriormost cells of the posterior neural plate are the rst to migrate
anteriorly, followed by more anterior cells resulting in an anterior turn movement (Bijtel,
1931; Taniguchi et al., 2017). Thereby, cells which were initially closest to the blastopore
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become the anterior tail PSM cells and cells near the bra-sox2 border become the posterior
PSM cells (Taniguchi et al., 2017). By transplanting small groups of cells into dened
mediolateral positions, I could extend this model in more detail. The medial cells of the
posteriormost area migrate anteriorly rst, followed by more laterally located cells. The
medial cellular subpopulation divides left and right to the neural tube. That generates
two streams of cells as bilateral PSM cords. The eect of median cells migrating anteriorly
ahead of lateral cells can be explained by the geometrical organisation of the tail bud.
During neurulation, the neural folds close over the entire neural plate. Thus lateral plate
cells become shifted into the dorsal neural tube or tail bud regions while the median cells
become positioned at the ventral part of the neural tube or tail bud mesoderm (Fig. 31A).
Thereby, the lateral posterior neural plate cells become localised in the tail tip and the
median cells medio-ventrally close to the endoderm.
As a conclusion, the following mechanism can be proposed: First, the posterior neural
plate is folded by the closing neural folds, which leads to the condensation of the tail meso-
derm in the tail bud at stage 19 to 22. Later, cells may start to migrate and reorientate
themselves anteriorly with medial/ventral cells being rst due to their positional advan-
tage. Cells in the anterior PSM, in front of somite formation, cannot migrate any further
and loose their directed orientation and become densely packed as previously described
(Fig. 31B, Youn and Malacinski, 1981).
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Figure 31: Graphics of tail mesoderm formation in the axolotl embryo
A) Conversion of tissue orientation from the posterior neural plate to the tail PSM: The posterior neural
plate is folded into a compact tissue during neural fold closure with initially laterally located cells that
become relocated into the dorsal part (red, stage 15 to 19). The posterior neural plate cells perform an
anterior turn led by previously median posterior cells resulting in the anterior-posterior reversal of tissue
orientation (green-yellow, stage 19 to 28). B) Cell shape and orientation are dynamically changing during
anterior migration. At stage 22, posterior neural plate cells are located in the tail bud and mediolaterally
oriented. The cells elongate and change their orientation into an anterior-posterior direction while they
migrate anteriorly at stage 28. At stage 30, cells of the anterior PSM were randomly oriented and
arrange themselves dorso-ventrally or anterior-posteriorly during somite formation. nt: neural tube,
noto: notochord
5.1.3 Random cell migration
Several observations challenge this model of directed PSM cell migration. First, it is
unclear how reproducible lopodia length and orientation is in xed samples. Length
and density of lopodia decrease after xation in various cancer cells in vitro, indicating
that the measured length and orientations in the xed axolotl embryo might not be fully
comparable to the living state (Kyykallio et al., 2020). Also, tissue dehydration during
the optical clearing process leads to a shrinkage of the whole embryo and might aect
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the structure and orientation of lopodia. On the other hand, the cellular network of
the tissue might stabilise lopodia during xation and dehydration. The cellular density
is the lowest in the medial PSM. Therefore, if xation aects lopodia constitution, it
will happen predominantly there. Conversely, no dierences between lopodia length and
numbers were observed between the PZ, posterior and medial PSM. Filopodia length
signicantly decreased in the anterior PSM and somites compared to other PSM regions.
It is more likely that these dierences occurred due to the smaller cell size in the later
stages than to the xation process. To meet this criticism, xed and living lopodia would
have been to be compared. Interesting is the high number of anterior-posteriorly oriented
lopodia. Methodically these were expected to be underrepresented due to the lower
z-resolution caused by the generation of tissue sections and the lower imaging depth of
the SeeDB tissue clearing protocol. That points to a general high abundance of anterior-
posteriorly oriented lopodia.
Second, posterior PSM cells were signicantly longer than those in the other PSM regions.
Directly migrating cells would hardly need to elongate shortly in one particular region.
A study on tissue mechanics in zebrash embryos, for example, revealed that a lateral
supracellular mechanical stress guides a morphogenetic ow in the tail, constricting the
PSM laterally (Mongera et al., 2018). An oil droplet was injected into the tail PSM
to measure mechanical stress via the droplet's compression. In the PZ the oil droplet
was compressed into a mediolaterally oriented ellipsoid which gradually changed to an
anterior-posterior orientation in the PSM, similarly to the observations of cell orientation
in the axolotl. The compression of the droplet was higher in the PSM than in the PZ
in zebrash. That diers from the results of axolotl cell shapes. A more substantial
cell elongation was observed in the posterior PSM, but otherwise, cell shapes did not
dier between PZ and PSM in the axolotl. Based on calculations in zebrash, one could
conclude that lateral mechanical stress helps to maintain tissue architecture and integrity
while the posterior end extends (Mongera et al., 2018). Thus, the observed cell shapes
and orientations in axolotl might be generated passively by mechanical stress rather than
active by directed cell migration.
Third, no uniform migration front of labelled tail PSM cells could be observed. These
cells did not migrate in conned groups but became dispersed anterior-posteriorly in a
wide area of tissue, resulting in the high distribution from previously closely associated
cells. This behaviour argues for random cell migration as previously described in chicken
(Bénazéraf et al., 2010). Individual undirected cell movements might led to the mixing of
GFP+ labelled and unlabeled cells within the PSM. In this context, the wide distribution
of labelled cells after grafting small groups into the posterior neural plate can be explained.
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Posterior PSM cells in the chicken embryo performed random cell movements driven by
an FGF gradient (Bénazéraf et al., 2010). It was not tested in this work in the axolotl,
but morphogen gradients might also induce random cell migrations from the tip of the
tail into the PSM. In contrast to the ndings in chicken, axolotl cells kept a relatively
constant distance to their neighbours in all parts of the mesoderm. They did neither
increase their distance to each other after entering the PSM nor decrease distances in the
anterior PSM (Bénazéraf et al., 2017).
The migration behaviour of PSM cells is linked to somitogenesis as well. In mice and
chicken, the posterior to anterior FGF8 gradient, which induces somitogenesis is also
involved in PSM formation. High FGF8 concentrations at the tip of the tail trigger PZ
cells to become highly motile, leave the NMP zone and enter the PSM (Grin et al., 1995;
Dubrulle and Pourquié, 2004; Bénazéraf et al., 2010). A homogenisation of cells helps with
the synchronisation of oscillating genes, expression to establish the somite clock (Uriu
et al., 2010). In the PSM, a high cell density triggers cells to express oscillating genes
(Hubaud et al., 2017). Thus, random cell movement within the PSM plays an additional
role in segmentation and is another argument for a random cell migration behaviour in
the PSM in axolotl as well as in other vertebrates (Bénazéraf et al., 2010; Uriu et al.,
2010, 2014; Bénazéraf et al., 2017, preprint Regev et al., 2017).
5.1.4 Lateral mechanical constriction
For an ordered tissue extension, random cell migration must be laterally constricted to
direct cells into an anterior direction. In a mathematical model of chicken embryonic
elongation, a sti and immobile extraembryonic lateral plate was assumed to act as a
barrier which counteracts the pressure of migrating cells by canalising the generated force
towards the posterior end (Regev et al., 2017). Amphibians and sh lack an extraembry-
onic mesoderm, and the PSM is covered laterally only by the epidermis. Removal of the
tail epidermis led indeed to an abnormal tail development and a slightly changed PSM
tissue morphology but unaltered somitogenesis in the axolotl. Thus, the epidermis may
limits lateral PSM expansion by channelling random migrating cells into an anterior net
movement. The PSM may serve as a mechanical force that maintains the posterior somite
border. After removing the tail epidermis in the axolotl, fewer cells migrated anteriorly,
and a lower cell density was measured in the anterior PSM. The lower cell density in the
posterior region probably generated a lower pressure towards the anterior direction. That
allowed somites to expand posteriorly, resulting in longer somites. Thus, the S1 somite
was stronger aected than the more anterior somites.
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In chicken, the occurrence of FN-rich extracellular matrix correlated with PSM tissue
movements, which inspired the hypothesis that FN coating might be necessary for tissue
sliding (Bénazéraf et al., 2017). Similarly in zebrash, an FN-rich ECM separated dier-
ent tissue types and was necessary for tissue mechanics and inter-tissue adhesion (Dray
et al., 2013). Medially, FN acts as an adhesive lap-joint, linking, the neural tube and PSM
(Guillon et al., 2020). Large FN complexes were mainly present at the neural tube - PSM
interface, whereas small unconjugated FN was uniformly present in the PSM. The adhe-
sion of PSM to the neural tube mediated via FN ensures tissue integrity and resistance
against shear stress generated by the converging neural tube (Guillon et al., 2020). FN
acts as a stress sensor and can remodel its constitution according to mechanical stress.
Further, in a posterior to anterior dimension, the amount of F-actin increases around
cell cortices along the PSM surface and more large FN bres accumulated (Guillon et al.,
2020). In axolotl embryos, I demonstrated that FN is similarly separating dierent tissues
and that it has a role for maintaining PSM integrity that was not recognised previously.
Rescue experiments after removing the tail epidermis were only successful when the miss-
ing epidermis was replaced by a sti material such as 1% agarose supplemented with FN.
The softer methylcellulose or agarose without FN was not sucient to allow the formation
of a normal tail. For tail formation and posterior elongation, lateral mechanical stress and
an intertissued FN matrix were necessary. This eect is comparable to a loss of the FN
receptor, which, for instance, in zebrash, did not inuence cell migration behaviour but
reduced embryonic length (Dray et al., 2013). The maintenance of the adhesion between
the neural tube and the bilateral PSM via an FN matrix maintains embryonic integrity
during posterior elongation and supports tissue sliding (Xiong et al., 2020). A similar
mechanism on the lateral PSM-epidermis border seems likely, making the epidermis an
integral factor necessary for posterior elongation.
5.2 Non-volumetric growth of the presomitic mesoderm
By measuring the entire tail PSM in 3D, it could be demonstrated here, that the mesoderm
elongates on the expense of tissue height and width. The volume of the PSM remained
constant, and only by somite formation, an increase in volume was generated. Thus,
somites increase the tail mesodermal mass rather than depleting it. Somites were formed
consecutively in an anterior to posterior direction, irrespective of being formed by the
gastrulated trunk PSM or the ungastrulated tail PSM. In the border region cells from
both locations intermingle and form heterologous somites. So far, the PSM was believed
to be a homogeneous cell population. However, with the GFP+ cell labelling approach,
I could prove that the place of origin diers between trunk and tail PSM. The non-
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volumetric growth which I observed in the tail PSM was described before also in zebrash
and lamprey embryos (Steventon et al., 2016). In zebrash, the tail PSM undergoes
a lengthening and thining without increasing its volume, similar to the observations in
axolotl embryos. An increase in the volume of the tail mesoderm began when segments
were formed in both species.
In contrast, volumetric growth during posterior elongation and tail formation was de-
scribed in dogsh (Scyliorhinus canicula), chicken and mouse (Farrell, 2004; Steventon
et al., 2016). For example, a mouse embryo increases its mass by 105 -fold from the zygote
to the newborn pup (Farrell, 2004). Growth is time and energy-consuming. Therefore,
embryos need to be supplied with enough nutrition, either internally or externally. Mam-
malian embryos with nearly unlimited energy supply or animals like dogsh and chicken
with a large yolk sac could aord an excessive embryonic volumetric growth (Farrell,
2004; O'Farrell, 2015; Steventon et al., 2016]). Externally developing embryos of sh and
amphibians have a limited nutrition source which needs to suce until the larvae can
swim and nd food. Thus, they developed giant eggs, containing sucient amount of
yolk for the embryonic period. For exmaple, a Xenopus egg is 105 -fold bigger than its
somatic cells later (Farrell, 2004). Axolotl eggs are also large, having a diameter of 2 mm.
At stages 22 to 28, the initially giant cells (9200 µm3) decrease their volume by 2-fold
(to 5500 µm3), probably due to the consumption of yolk. A strategy for embryos with
a comparably small eggs size is the investment into rapid development. Caenorhabditis
elegans needs only 13 h until hatching, Drosophila 24 h and zebrash has an embryonic
period of 3 days (O'Farrell, 2015). Animals with big eggs, like the axolotl, need 14 days,
and the chicken hatches after 21 days (Bordzilovkaya and Dettla, 1975; Wolpert, 1998).
These comparisons imply a correlation between nutrition supply and the time of body
growth, including posterior elongation. The axolotl grows mostly after hatching, when
becoming independent of yolk supply and having access to pray. That is illustrated by
the size increase of the hatched larvae from 11 mm to 20-30 cm length of the full-grown
adult after two years (Bordzilovkaya and Dettla, 1975, personal communication with B.
Gruhl and A. Wagner, Axolotl Newts Facility, TU Dresden).
Previously, a posterior proliferation centre was postulated for tail elongation, facilitated
by the idea of self-renewing NMPs driving tail extension (Martin and Kimelman, 2009,
preprint Regev et al., 2017). Such a centre could not be conrmed here for the axolotl and
was neither found in chicken nor zebrash embryos (Steventon et al., 2016; Bénazéraf et al.,
2017; Attardi et al., 2018). An equal distribution of mitotic cells with a low proliferation
rate was observed in all three species. The axolotl tail PSM had a mitotic rate between
1.5 and 3. That is comparable to the mitotic rate of the tail PSM at the 20-somite stage
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in zebrash (mitotic rate 2-5) and chicken embryo (≈2.5) (Steventon et al., 2016; Attardi
et al., 2018; Guillot et al., 2020). Somites of a 30-somite stage zebrash show about 80%
mitotic cells which may lead to the reported increase in volume during somite formation.
A cell cycle blockage in chicken or zebrash did neither reduce body length nor aect
posterior axis elongation but somite size instead (Zhang et al., 2008; Bénazéraf et al.,
2010; Harrington et al., 2010; Riley et al., 2010; Quesada-Hernández et al., 2010). In
zebrash, a mutant with a defect in mitotic cell cycle progression showed no aection
in PSM formation, posterior elongation or interference with the somite clock (Zhang
et al., 2008). Conversely, these mutants showed an impaired segmental arrangement into
somites. These ndings align with the measured increase in volume, parallel to somite
formation in the axolotl and the increase in somite size in a tail to head fashion. Thus,
a normal cell cycle is necessary for somite maturation but not for their formation. In all
organisms analysed, proliferation and oriented cell division did not signicantly impact
PSM-associated processes like posterior elongation and tail formation.
5.3 Models of tail presomitic mesoderm formation
A current posterior elongation model in chicken predicts that expansion of the bilateral
PSM compresses the medially located notochord and neural tube on either side (Fig. 32).
That initiates in turn the elongation of the notochord and neural tube by cell convergence
and proliferation in the chordaneural hinge region (Xiong et al., 2020). Thereby the axial
organs push against the caudal PZ. This axial push drives progenitor cell migration into
the posterior PSM, which induces PSM expansion by adding new cell material (Xiong
et al., 2020).
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Figure 32: Mechanical feedback loop couples axial and paraxial tissues during
elongation
A) Tissue expansions drive the cell behaviour of neighbouring tissues during tail expansion in chicken
embryos; PSM (blue) expansions compresses the notochord (NC, red) and the neural tube (NT, violet).
These tissues react with an elongation into the posterior direction which extends the tail and the posterior
PSM. NMPs from the posterior domain (PD) generate mesodermal cells which leave the PD into the PSM
and compress it with their additional cell numbers; A: anterior, P: posterior. B) Graphical summary
of the mechanism of tail extension: the posterior PSM (pPSM) compresses the posterior notochord and
neural tube (pNC/pNT) which react with an elongation to extend the PSM; Images from Xiong et al.,
2020
In the axolotl at stages 15 to 19, the posterior neural plate becomes located posteriorly
to the neural tube and notochord with lateral regions folded into the dorsal part and
median cells becoming ventrally located (Fig. 33). A simple push by the neural tube and
notochord would, according to the model, lead to the spreading of the cell mass bilaterally
to the axial structures. In this case, no conversion of the anterior-posterior orientation
of the posterior neural plate cells would occur, and lateral and median posterior neural
plate cells would be similarly distributed (Fig. 33A). However, if we assume that the
notochord generates the stronger elongational push, the ventrally located median cells
would presumably be the more anteriorly located PSM cells and the lateral neural plate
cells would remain in the tail bud longer (Fig. 33B). The data would generally t this
model. Nevertheless, the model would not explain the anterior turn of the axolotl tail
mesoderm. In chicken and zebrash, this problem was never addressed so far. Commonly,
a simple anterior migration of mesodermal cells from the posterior end of the embryo into
the PSM is assumed (Lawton et al., 2013; Bénazéraf et al., 2017). Eventually, this is a
geometrically simpler but analogue mechanism to the anterior turn, or an anterior turn
movement was so far overlooked in these animals.
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Figure 33: Proposed models of presomitic mesoderm formation
A) A continuous posterior push by the neural tube and notochord against a soft tail mesoderm leads to
lateral spreading of anterior parts and uniform distribution of lateral and median posterior neural plate
cells. B) A stronger posterior push by the notochord compared to of the neural tube drives medial and
anterior cells of the posterior neural plate anteriorly rst. C) A posterior push by the notochord and
neural tube against an epithelial posterior neural plate tissue presses it rst against the posterior and
lateral epidermis and then against the endoderm. The epithelial to mesenchymal transition of the cells
in the tail tip leads rst to anterior relocations of median posterior cells followed by initially lateral and
anterior cells. nt: neural tube, noto: notochord, endo: endoderm
The following adjustments are proposed in addition to the initial model to explain the
phenomenon of the anterior turn movement in the axolotl (Fig. 33C). The posterior neural
plate is an epithelium at stage 15 but must convert into mesenchyme after the neural folds
are closed at stage 19/20. The mesenchymal character was observed in the histological
3D images after stage 22, starting in the anterior regions. A comparable mechanism was
described in zebrash (Goto et al., 2017). In sh, NMPs of the tail bud undergo an
epithelial to mesenchymal transition (EMT) in two steps. Under the inuence of Wnt
signalling epithelial NMPs become partially motile and complete the EMT under FGF
signalling in the PSM. Following this model and assuming a posterior push by the neural
tube and notochord, the folded posterior neural plate tissue is pushed posteriorly against
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the epidermis of the tail tip. That would squeeze the epithelial cells in the PZ and
elongate them in the mediolateral direction, as determined in this study (Fig. 31B). Cells
might elude this by migrating anteriorly as mesenchymal cells. The most posteriorly and
ventrally located cells (the former median cells) are the rst to escape, due to their position
at the periphery. These cells might be constricted in their movement by the lateral tail
epidermis and by the endoderm, which leaves the anterior direction open as the best
accessible way. The trunk PSM oers probably the least resistance. Additionally, some
morphogene gradient could initiate cell motility and epithelial to mesenchymal transition
at the tail tip. Candidates are FGF8, Wnt-signalling or mesodermal transcription factors
like TBX and MSGN1 (Goto et al., 2017). Posterior and lateral tissue constriction is
of most importance. The removal of the tail epidermis in axolotl increased the tissue
height and width. Thus, cells might convert into a loose mesenchyme and show laterally
directed or random migration during the anterior turn. Structurally, there is no need
for a cell to migrate actively against the lateral epidermis, making random cell migration
that is laterally limited by the epidermis more likely. After removing the epidermis, the
cellular distances increased in the PZ and posterior PSM but not in the anterior PSM.
Concluding from that, randomly motile mesenchymal cells leave the tail bud in anterior
directions as they have no other choice: They are pushed by the remaining epithelial
tissue parts of the posterior neural plate from the posterior direction. Further, the cells
are restricted laterally by the epidermis and medially by the neural tube and notochord
(Fig. 33C). Their undirected migration behaviour leads to cellular mixing with PSM cells
of the trunk mesenchyme and generates a continuous stream of cells directed anteriorly.
Some aspects of this model, like the tissue resistance, still need to be tested. But still, the
model provides now many further details on the cellular behaviour of PSM cells during
the anterior turn and tail elongation. It oers new steps of insight into understanding the
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